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Preface 

At the turn of the century, physics entered 
into a new world, the invisible silent world of 
atoms, atomic nuclei and elementary particles. 
Our twentieth century then produced the theory 
that has been serving physicists so faithfully for 
over sixty years - quantum mechanics. 

The landscape of the new world is quite un
like our own. So different that physicists fre
quently lack words to describe it. Quantum me
chanics had to create new conceptions for the 
world of the ultrasmall, bizarre conceptions 
beyond the scope of pictorial imagery. 

Customary physical laws cease to operate in 
the new world. Particles lose their dimensions 
and acquire the properties of waves. Then again, 
waves begin to act like particles. Electrons and 
the other building stones of matter can pass 
through impenetrable barriers, or they can van
ish altogether leaving only photons in their place. 
Those are the things quantum mechanb; dealt 
with. 

This book will tell you about the origin and 
development of quantum mechanics, about its 
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new concepts. It will describe how the new theo
ry deciphered the secrets of the structure of 
atoms, molecules, crystals, atomic nuclei, and 
how quantum mechanics is dealing with the prob
lem of the most fundamental of all properties 
of matter - the interaction of particles and the 
relationships between fields and matter. 
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From classical mechanics 
to quantum mechanics 

In Lieu of an Introduction 

Atomic energy. Radioactive isotopes. Semiconductors. 
Elementary particles. Masers. Lasers. All quite familiar 
terms, yet the oldest 1s hardly twenty-five years of age. 
They are all ch1ldren of twentieth-century physics. 

In this age, knowledge 1s advancing at a fantastic 
rate, and every new step opens up fresh vistas. 
The old sciences are going through a second youth. 
Phys1cs has pushed out ahead of all others and is 
pioneering mto the unknown. As the front broadens, 
the attack slows up only to make renewed thrusts 
forward. 

To get at the secrets of nature, physics has had 
to find powerful instruments, to devise prec1se and 
convincing experiments. At the physics headquarters 
are hundreds and thousands of theoreticians mapping 
out the offensive and studying the trophies captured 
in the experiments. This is no struggle in the dark. 
The field of battle is hghted up with powerful physical 
theories. The strongest searchlights of present-day 
physics are the theory of relativity and quantum 
mechanics. 

Qu:mtum mechamcs came in with the twentieth 
century. Date of birth: December 17, 1900. It was 
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on th1s day that the German phys1cist Max Planck 
reported to a meeting of the Berlin Academy of 
Sciences Physical Soc1ety on h1s attempt to overcome 
one of the difficulties of the theory of thermal 
rad1at10n 

Difficulties are a common thtng tn sc1ence. Every 
day scientists come up against them. But Planck's 
encounter had a very special significance, for 1t 
foreshadowed the development of physics for many 
years to come. 

An enormous tree of new knowledge has grown 
out of the seminal ideas expressed by Planck, wh1ch 
served as a startmg pomt for amazmg discoveries 
far beyond the 1magmat10n of the wildest science
fiction writers. Out of Planck's concepts grew quantum 
mechanics, which opened up an entirely new world -
the world of the ultrasmall, of atoms, atom1c nucle1 
and elementary part1cles. 

The Outlines of the New World 

But d1dn't people know anythmg about th1s atom 
before the twentieth century? In a way they d1d, that 
is. they had guessed and conJectured. 

The mquisit1ve human mmd had speculated upon 
these thmgs and had long 1magmed what became a real 
thing only many centuries later. 

In anc1ent times, long before the first travellers 
la1d the1r paths of discovery, man had guessed that 
there were people and animals and land beyond the 
little area m which he hved. 

In the same way, people felt that there existed 
a world of the ultrasmall long before it was actually 
discovered. One d1d not need to go far m search 
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of this new world, for it was nght at hand, lymg 
around him in all things. 

In olden times. thinkers had meditated on the way 
nature had produced the world around us out of 
something quite formless. How was it. they queried, 
that it came to be mhabited by its great diversity 
of things. Might it not be that nature worked hke 
a builder that makes large houses out of small stones? 
Then what are these stones? 

Enormous mountains are weathered away by the 
water, the wind, and mysterious volcanic forces. The 
rocks that come away are m time broken down into 
pieces. Hundreds and thousands of years pass. and 
these are pulvenzed mto dust. 

Is there no limit to this dividing and subdiv1dmg 
of matter? Are there particles so small that even 
nature is no longer able to break them up? The 
answer was YES. So said the ancient philosophers 
Ep1curus. Democritus and others. These particles were 
given the name 'atom'. Their chief property was that 
no further diVISion IS possible. The word 'atom' m 
Greek means 'nondivisible'. 

What did an atom look like? In those times, 
this questiOn remained unanswerable. Atoms m1ght be 
m the form of sohd impenetrable spheres, yet they 
might not be. Then agam: How many different vanetics 
are there? Maybe a thousand, yet perhaps only one. 
Some philosophers (the Greek Empedocles, for one) 
beheved that there were probably four. They believed 
that the entire universe consisted of four elements -
water, a1r, earth, and lire. In turn, these elements 
were thought to consist of atoms. 

One might now think that With mformation as 
meagre as this there could be no talk of any progress. 
True, yet the first steps of science are usually m 
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breadth and not in depth. So many things surround 
man 1 The lirst job is to find out how they are 
related to one another, and then, only later, how 
they are constructed. 

The conception of atoms in an age when sc1ence 
was st1ll in 1ts infancy was a conjecture of genius. 
But it was only a conJecture which did not follow 
from any k10d of observations and was not supported 
by any kind of experiments. 

The atoms were forgotten for a very long t1me. 
They were recalled, or rather they were invented once 

again, only at the beginning of the nineteenth century. 
And not by physicists, but by chemists. 

The start of last century was an interesting time 
both for the historian of soc1ety - Napoleon was 
recarving the boundaries of European states - and 
for the historian of science - in the quiet of the few 
laboratories that existed in those days there was 10 
progress a radical reevaluation of the nature of things. 
Conceptions that had appeared quite stable were being 
reconsidered 

Young 10 England and Fresnel in France had la1d 
the foundation of the wave theory of hght. Abel 
in Norway and Galois in France had put the first 
stones in the mighty edifice of modern algebra. 
The Frenchman Lavois1er and the Englishman Dalton 
demonstrated that chemistry is capable of penetrating 
deep into the essence of things. The chemists, physicists 
and mathematicians of that time made a whole series of 
outstanding discoveries that prepared the way for the 
flourishing of the exact sciences in the latter half of the 
nineteenth century. 

An unknown English scholar, Prout, m 1815 expressed 
the view that there exist minute particles which can 
participate in the most diverse chemical reactions 
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without being destroyed and reconstructed. These were 
obviously atoms. 

Dunng those same years, the illustnous French 
scientist Lagrange put classical mechanics m that 
complete and elegant form in which - it was later 
found - there was no place for atoms. 

The Temple of Classical Mechanics 

In science, nothmg appears from nowhere. 
And quantum mechanics may justly be called the 

bram child of classical mechamcs, which began w1th 
Newton. 

True, 1t is not entirely nght to attnbute the 
creation of classical mechanics to Newton alone. 
Many great mmds dunng the Renaissance were engaged 
m problems that later formed the basis of classical 
mechamcs: Leonardo da Vinci, Galileo Galilei. the 
Dutch mathematician S1mon Stevin and Frenchman 
Blaise Pascal. Out of all the scattered studies of the 
motiOns of bodies. Newton constructed a smgle umfied 
and harmomous theory. 

We know the exact date when classical mechamcs 
was born. It was the year 1687, when Newton's 
book "PhJlosoph1a Naturalis Pnnctpia Mathematica" 
("The Mathematical Pnnciples of Natural Philosophy") 
appreared in London. In those days the natural 
sciences still went by the name phtlosophy. 

In his work, Newton formulated for the first ttme 
the three basic principles of classical mechanics. later 
called Newton's three laws, which every schoolchild 
studies. 

The edifice of mechanics that Newton bUilt goes 
far beyond these three laws, and has long smce been 
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completed. From the vantage pomt of modern sctence, 
it looks hke this 

In the enormous void of space mhabtted by numerous 
and dtverse objects, from gtganttc stars to mmute dust 
parttcles, there was a pomt m the dtstant past when the 
entire untverse was wtthout motion, m a state of 
complete rest. 

It was god, who regardmg m amazement the frutt 
of hts creatton, gave the first 'tmpulse' and breathed 
hfe into the world. Thts exhausted god's duttes. From 
then on all the bodtes m the umverse began to move 
and mteract according to defimte laws. The number 
of such laws was great but m the final analysts they 
could all be reduced to several baste laws, whtch 
mcluded the three laws of Newton. 

From thts mmute on there was never anythmg 
accidental Everythmg was predetermmed. Nothmg 
arbitrary was possible any more. From then on there 
was perfect harmony in thts symphony of the universe. 

For more than a century after Newton thts supreme 
orderliness of the umverse based on Newtoman 
mechamcs was extremely sattsfymg to all phystctsts. 
They were pactfied each ttmc some new ptece of the 
umverse was found to fit mcely into the theory. 
And for quite some ttme nature allowed ttself to be 
treated thts way. But not for long Sctcnttsts were 
soon convinced that there ts nothmg less stable than 
hardened dogmas Facts began to appear that stmply 
would not fit mto the old framework 

By the end of the nmeteenth century Newtoman 
mechamcs was m a cnsis. It gradually became clear that 
thts crists stgntfied the fall of umversal determtmsm, 
sctenttfically called the pnnctple of mechanical determm
tsm The umverse was not so stmple after all, and tt 
wasn't wound up for all time. 
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Quantum mechamcs brought wrth It not only new 
knowledge. It gave a radrcally drfferent mterpretat10n 
to the phenomena of the world. For the first ume, scrence 
gave full recogmtlon to the accrdental 

And perhaps physrcrsts are not to blame for 
bemg taken aback. Though rt was only the eternal 
determmrsm which they themselves had concocted that 
gave way, physrcrsts seemed to thmk that rt was 
determmrsm as such that was crumbhng, that the 
universe was governed by absolute anarchy, and that 
thmgs no longer obeyed exact laws. 

It took qUite some t1me before physrcs found rts 
way out of the deep cnsrs. 

The Temple Collapses 

Cunosrty k11led the cat The saymg 1s probably 
apphcable to theones as well Even rf today the theory 
appears qurte correct and capable of explammg all 
the facts 

A theory puts m rts appearance at a certam stage 
m the development of sc1ence, when the latter has 
made a study of a wrde range of phenomena. The 
arm of the theory 1s to grve an explanatron from 
some one pomt of vrew 

But the very same theory proves msuflicrent and 
even erroneous when fresh facts are discovered that 
do not fit mto rts narrow framework. 

Classrcal mechamcs was entrrely satrsfactory as long 
as phys1cs was confined to mechamcs But th~ nmeteenth 
century saw physrcs attack a new broad front thermal 
processes, wh1ch gave nsc to thermodynamic~, hght, 
whrch gave rise to opt1cs; electnc and magnetrc 
phenomena, whrch served as a startmg pomt for 
electrodynamrcs. For a trme, ph)'SICS rcm.uned 111 a 
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rather contented state. All new discovenes contmued 
to fit neatly mto the ex1stmg moulds. 

However. as the ed1fice of class1cal phys1cs grew 
upwards, 1ts enormous front gave s1gns of fatigue. 
s1mster cracks appeared, and finally the entire structure 
began to crumble under the bombardment of new facts 

One of these most fundamental facts was the remar
kable constancy of the velocity of hght. The most 
careful and object1ve expenments demonstrated that the 
behav1our of hght IS rad1cally dlfTerent from what 
had been observed m all other known areas. 

To fit the behav1our of light mto the framework 
of claSSICal phySICS, SCientiStS had lO devise a mediUm 
called the ether. wh1ch. by the rules of class1cal 
phys1cs. would possess s1mply fantastic propert1es. We 
shall come back to th1s ether later on and examme 
It m more deta1l. But the new ether could not save 
the old phys1cs. 

Another stumbhng block to class1cal phys1cs was 
the thermal radmtwn of heated bodies 

Then. finally. the discovery of radiOactivity. Th1s 
had the most shattenng effect on classical p~ ys1cs 
dunng the last years of Jls und1v1ded rule. for the 
mystenous processes of radwact1v1ty not only smashed 
atom1c nucle1. but exploded the very bas1s of phys1cs -
those pnnc1ples that had appeared so obvious from the 
standpomt of common sense. Out of these cracks m 
the structure of class1cal mechamcs grew the theory 
of relativity and the 4uantum theory. 

How the New Theory was Named 

Quantum mechanics was born at the turn of the 
century. But why this name? Actually. the term but 
feebly reflects the contents of the thmgs wh1ch the 
new phys1cs dealt w1th. 
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Probably not a single branch of phystcs has escaped 
a certam vagueness tn termmology. There are many 
reasons for thts. but they are primarily of a histoncal 
nature. 

Ftrst of all. why mechantcs? There was nothing 
mechllntcal tn the new theory. and as we shall see 
later on. there couldn't be The word ·mechanics· is 
JUSttlied only tn that tt ts used tn a general sense. 
ltke we speak of the ·mechantcs of a watch' meanmg 
the pnnctple of operatiOn. The conceptual range of 
quantum mechantcs ts better covered hy the broad 
delinttlon of phystcs ttself. 

Secondly. why quantum'' Quantum tn Latm means 
'discrete portiOn· or ·quanttty'. Further on we shall 
see that the new sctence does actually deal wtth 
'dtscretencss· tn the properties of the surroundtng 
world. That ts one of tts ha~tc pnnctplcs. On the 
other hand. as we shall sec. thts dtscrcteness ts not 
at all general. and ts not found everywhere or at all 
ttmes. 

What ts more. tl ts only one stde of the medal 
A no less peculiar aspect ts the dualtty of the 
properties of matter. The dual nature of matter lies 
tn the fact that one and the same cnltty (ohjcctl 
comhmes the properties of parttclcs and waves 

The new sctence was refined to wave mcchantcs' 
But here agam we have only half of tt - there ts no 
menlton of quanta 

We conclude that none of the names of the new 
phystcal theory was satisfactory But couldn't somethmg 
he thought up more tn keepmg wtth the actual 
contents of the suh.Jcct'' 

The tntrodu~:tiOn of new terms tn sctL'n~:c ts a lahonous 
and thankless JOh New terms come 111 slowly and 
dl.IIlgc •;ttll more slt1wly. Phystctsts understand the new 
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meanmg that these terms carry and so 11 1s for us to 
learn them. 

Physicists Build Models 
Imagine the motiOn of a ball along a rope that 

you are wh1rhng round your head. It IS obv10usly 
qUite simple because you can see everythmg with 
your own eyes. That IS exactly how class1cal phys1cs 
developed - out of the observations of objects and 
phenomena that surround us. 

Roll a ball along a smooth honzontal table It 
continues to move after the act10n of the hand has 
ceased. that IS, after the force has ceased to operate. 
This and sim1lar observatiOnS gave nse to the law of 
mertia that was enunciated by Newton as the first 
bas1c law of mechamcs. 

A ball will not begm to move until pushed by the 
hand or hit by another ball A ball movmg over a 
smooth table and a ball at rest have one thmg m 
common: they are not acted upon by any forces. 

On the rope. however. the ball IS all the t1me acted 
upon by a force that deflects tt from the rect1hnear 
path inherent m free motion. That same ball at rest 
on the table will, under the act10n of the force of 
one's hand. begin to move and will acqu1re speed 
(the greater. the b1gger the force). Th1s observation 
gave nse to Newton's second law. 

But now the investigator - Newton agam - leaves 
the everyday world and looks to the heavens to seek 
a clue to the 'harmony of the celest1al spheres' wh1ch 
had stumped the anc1ent philosophers. What makes the 
planets move round the sun m the way they do and 
not otherw1se? 

The word 'harmony' suggests a system of order. 
the operation of some law governmg the mot1on of 
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the heavenly bodies. The matter is not one of 'spheres' 
naturally. But there must be a law governmg the 
1.1otion of the planets, and our earth too, about the 
sun and the motion of the satellites about their planets. 

One might recall the ball movmg along a swmgmg 
rope. The motion of the planets about the sun Is 
mdeed very much like the uniform motion of the ball, 
though 11 IS slower and there IS no rope In short. 
1f in one case a force is operative. 1t is reasonable 
to suppose that 11 Is operative m another case too. 

There is of course no way to perceive d1rectly 
the act1on of the force governmg planetary motions. 
But the force 1s there. And Newton discovered 11 
We know that 1t is the force of the reciprocal attraction of 
bod1es. Newton's genius hes m the fact that he 
perceived what is common between the motion of a ball 
and the orbital motion of a planet. 

The Important thmg for us, however, is that the ball 
and rope was probably one of the first physical 
models. One gams an understandmg of such a grandiose 
phenomenon of nature as planetary motion through 
the study of things on a much smaller scale - on the 
assumpllon of course that both are governed by 
stm!lar laws 

The questiOn arises as to whether th1s ts JUSttliable 
everywhere and at all t1mes. Is it nght to extend the 
laws of one phenomenon to another one whtch IS 

much larger or much smaller? 
In Newton's t1me the answer was simple since 

observatiOn corroborates the development of some 
large-scale phenomenon that has been calculated on the 
basts of some small-scale one. or vice versa. everythmg 
holds true. 

Roughly the same answer can be heard today as 
well. True, the approach ts somewhat different. Newton 
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belteved firstly, that the un1verse was umlied and, 
secondly, that the laws govermng Its ltfe both at man's 
level and m the b1g world of the planets and stars 
are the same. 

From the vantage pomt of modern sc1ence, we are 
m full agreement w1th the first. 

Now for the second, we cannot of course draw the 
conclus1on that the mner workmgs of a phenomenon 
follow from sim1lar outer phenomena. 

A parrot repeats human words. but it would be 
na1ve to suppose that whtle pronouncmg a word 
the b1rd thmks. 

The complextty of cognttion hes m the fact that 
absolutely dtfferent laws are opcrat1vc m the h1erarchy 
of worlds of thmgs - m the ultrasmall. the ordmary. 
the ultrab1g; and that there are great ltmttallons to 
extendmg the laws of the ordmary world of thmgs to 
other scales. 

Phys1c1sts have been frustrated, when cncountenng 
the unruly ent1t1es of the ultrasmall. due to a 
mtsunderstandmg of thts Important concluston. Once 
convmced that mtcroscopic parttcles refuse to tit mto the 
framework of ordmary concepts. these phystc1sts began 
to speak of anarchy. of a nature without laws Yet 
thts was not the case at all. as we ~hall sec later on 

Model representatiOn has played, and contmues to 
play. an 1mportant role m the development of the 
natural ~c1ence~. Some of the greatest dtscovenes ha'lle 
been made w1th the a1d of model~ constructed by 
human hands or. more often. ex1sttng only m the mmd. 
smce they cannot be built. 

The ball supported by a rope was a very s1mple 
model As 11mc went on. more ;.ophlsltcated models 
were developed. They became more and more 
complicated. h1zarrc. But cxot1c as thc~e models m1ght 



become, they have one thmg in common. They 
are butlt out of the elements of the ordinary world 
about us. the world we see and feel. 

Thts ts a peculiarity of the human mtnd. The most 
fantasttc abstracttons and generahzattons always pro
ceed from actuality. 

Not Everything Can be Modelled 

From the end of last century on. the famllmr model 
approach to the invest1gat10n of new thmgs in nature 
was not always a success. For tnstance. the ether model. 
Its creators saw 11 the sav1our of class1cal phystcs, wh1ch 
was unable to account for the remarkable constancy 
of the velocity of hght. 

Let us try to ptcture thts ether Somethtng absolutely 
sohd and JUSt as absolutely transparent Unbreakable 
glass? And yet, desptte tis hardness. the ether had to 
allow for all ktnds of bodtes movmg freely. What IS more. 
these bodtes should be able to entratn the ether. 
buildtng up somethmg like a wtnd, a truly ethereal 
wmd 

For a number of years phys1e1sts attempted to grasp 
these fantastic properties of the ether. But they failed 
The ether proved to be a construct wtth no roots tn reality 

And the concept of ether wa~ not the only rootless 
enttty. Not a stngle model of classical phystcs for 
the atom was able to account for the my~terious release 
of energy by uran1um. rad1um and other chem1cal 
elements - a rad1at10n of energy that wntmues wtthout 
tnterrupt10n for many thousands and millions of years 
Without any outs1de source. 

Etnstetn 's photon hypothesis was yet another blow 
to the old models. Through somewhat mvolved. 11 IS 

st1ll possible to lit mto the classtcal model the concept 



of light as electromagnetic waves bemg propagated 
m all d1rections from their source 

We are accustomed to thmkint? of a wave as 
always bemg the motion of a matenal medium: 
the water for ocean waves, the a1r for sound waves 
But electromagnetiC waves are capable of propagatiOn m 
an absolute void. 

In th1s sense 1t IS eas1er to p1cture light, as Newton 
d1d, as a stream of minute hght particles These 
particles are emitted by mcandescent bod1es, fly m 
all d1rect1ons. and st1mulate the optic nerve when they 
enter the eye. giving the sensation of hght. There is now 
no d1fficulty m 1maginmg how these particles move 
in empty space. 

But to p1cture hght havmg wave and corpuscular 
propert1es at the same t1me, as Emstem d1'd, 1s somethmg 
we Simply can't do. 

In the model of the atom constructed by Bohr 
and Rutherford we have a conceivable p1cture. Mmute 
particles- electrons- are revolvmg m defimte orbits 
around a tmy nucleus. The d1mens1ons of the orbits 
are tens of thousands of t1mes greater tha11 those of the 
electrons and nuclei. 

With a little more 1magmat10n we can p1cture the 
atom as a sort of 'empty' structure. for we ourselves 
hve m a planetary system where the d1mens1ons of the 
'electrons' (or planets) are thousands of t1mes smaller 
than those of the orb1ts about the 'nucleus' (or sun). 

However. Just a few years later de Broghe completely 
confused the p1cture by statmg that the electrons, 
nucle1 and generally all matenal 'bUIIdmg blocks' of 
our world have the same duahty as that mtroduced 
by Emstem for photons; that IS, they possess at the 
same t1me the properties of waves and corpuscles 
(particles). As a result, partJcles of matter. mcludmg 
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atoms hke those of hght earlier, could no longer be 
VISUalized. 

The Invisible, Untouchable World 
Phys1c1sts were hard put. Before. they had trodden 

paths mto new worlds, all the wh1le sure that only 
the details would be d1fferent, not the essentials 
But now they were m the shoes of explorers of old 
when anythmg could be expected, from monsters to 
half-beasts and half-humans. There IS no lim1t to the 
Imaginings of a feverish mmd. 

PhysiCists had 1t even worse than those explorers. 
for the latter were always pleasantly d1sappomted to 
find normal bemgs and essenttally the same earth. 
moun tams and seas, only arranged differently. In the 
new world, sc1ent1sts saw such bizarre thmgs that no 
name was suggest1ve enough Even the 1magmation 
d1d not suftice to p1cture this unusual new world of 
the atom. 

But developmg sc1ence demanded that some ktnd 
of conceptions be worked out. no matter how 
unconventiOnal they m1ght be It was hard to construct 
quantum mechamcs but 1t had to be done 

It surely would have been eas1er to build theones 
based on vJsuahzable models of the surroundmg 
world But what 1f the world of the ultrasmall was 
constructed differently? What 1f no such models could 
serve? 

Well, 1f 1t IS imposs1ble to dev1se models that can 
be made mto mental p1ctures. then we w11l have to work 
With models that cannot be p1ctured at all. Years 
passed, not many though. and these models became 
so 'unvisualizable', yet so dear to phys1c1sts that no one 
wants to g1ve them up. Wh1ch 1s too bad, because 
the t1me wtll come very soon - 1f we run ahead m our 
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story a b1t - when all these models will have to be 
jettisoned and replaced by still more unusual ones 
that will be even harder to grasp. That IS how 
sc1ence develop~. 

Therein hes the greatness of the phys1c1sts of th1s 
century: they were able to reach the1r goal through a 
maze of abstractions and models far removed from 
everyday thmgs, they succeeded m constructmg a far
reachmg theory of the new world of the ultrasmall. 
What IS more, on th1s bas1s. physicists ach1eved some 
of the greatest thmgs m the ent1re h1story of c1vllizat1on 
They d1scovered the secret of nuclear energy, the 
Jmm that had been bottled up for so long. 

The atom1c power mdustry and clectromcs would 
not be here today without the ex1stence of quantum 
mechamcs. 

Difficult but Interesting 

The unusual nature of quantum mechamcal not1ons 
and the fact that these concepts cannot be v1suahzed 
properly make the subject difficult to grasp. True. 
some of the fault hes m quantum mechanics Itself. 
Not only because 1ts range IS contmually expandmg 
and 1ts methods are constantly undergomg relinement. 
we know that 1t IS always more d1flicult to wnte 
about somethmg m a state of nux and development. 
and particularly such rap1d development. than 11 IS 

about lirmly established theones. Not only th1s. but also 
because phys1c1sts themselves are still. to th1s day. 
argumg about the very meanmg of quantum mechamcs. 
about the spec1fic aspects of the mmute world that 
II descnbes. 

We have now entered the space age, where agam 
phys1cs 1s called upon to pave the way. The physics 
of cosm1c space differs rad1cally from 'terrestrial' 
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phystcs in that the world of the ultrasmall is of 
prime Importance. 

The anctent tdea of the great and the small meeting 
finds tis contirmatton 10 outer space Enormous stars 
and minute atoms not only converge but extst as an 
mtegral unit. 

It IS almost tmposstble to wnte popularly about 
science without resortmg to some kind of vtsual 
representations And so with quantum mechanics we 
shall try to lind analogtes, tf not models, 10 nature. 
However, such analogtes arc m no way exact or profound. 
They simply help us to get a general grasp of th10gs 

For mstance, as we shall see. the phrase 'electrons 
revolve around an atomtc nucleus' hardly has more 
meanmg to us than the words ·snow ts someth10g 
white, rather like salt and t~tlls from the sky' have 
for the mhabitants of troptcal Afnca. The motion of 
an electron 111 an atom and the essence of the 
electron as such ts Immeasurably more complicated than 
what we know about them today and the way we 
picture them And not only today. tomorrow and 
a thousand years hence! 

Indeed. the development of quantum mechanics ts 
added proof of the limitless dtverstty, the inexhausttbtiity 
of the properttes of the electron And everythmg 
else as well 

We today still have rather fragmentary knowledge 
of the world about us. We arc only begtnntng to 
penetrate tnto the earth\ crust. mto the oceans, the 
atmosphere We have only JUSt started to understand 
the hfe of the tields, the forests. the mountams. 
the nvers and the deserts 

If that IS so, how can we expect to know as much 
about the world of atoms, atomtc nuclet and elementary 
parttcles. whtch arc sttll more dtflicult to observe. 

"27 



There is exploratiOn ahead m thts sctence for hundreds 
and thousands of years. As yet we are only at the 
source of a mighty nver of knowledge. 

Even so, what amazmg things are revealed to the 
explorer of this recently dtscovered world. What 
mspinng, truly fantastic honzons does th1s new sc1ence 
open up for technology, mdustry, agriculture and 
medtcme. Nuclear power statiOns, rad1oact1ve tsotopes, 
solar batteries, to name a few We are on the threshold 
of controlled thermonuclear reactions and we are 
penetratmg mto outer space All these great attamments 
of the bnght present and the dazzhng future were 
born m our century out of a small seed thrown, 
s1xty years ago, mto the fert1le soil of sc1ent1fic 
knowledge by Max Planck and, smce. carefully 
cult1vated by a whole galaxy of bnlhant scientists. 



The first steps 
of .the new theory 

Heat and Light 

It's nice, on a cold wmter evening, to Sit near 
a hot stove and listen to the sputtenng flames ms1de 
and feel the warmth of the fire. But why warmth? 
Why 1s 1t warm near a stove? Without even seemg 
the fire inside, one can feel the heat at some d1stance 
away. 

A stove em1ts some kmd of mv1s1ble rays that 
gtve the sensation of he-at. These rays are called heat 
rays, or mfrared rays. 

A httle careful observ1ng will show us that thermal 
radtat1on 1s quite a common thmg m nature. Both 
heat and hght are em1tted by a candle, a large fire, 
and our enormous sun Even the fantastically d1stant 
stars send heat rays to the earth. 

If a heated body glows, 1t defimtely 1s emittmg 
heat rays as well. The emisSion of hght and heat 1s 
actually one process. That 1s why sc1ent1sts gave the 
name thermal rad~at1on to all emiSSions of a body 
that appear to be due to a heatmg process - both 
the emiSSion of hght and the thermal rad1at10n proper. 

Last century, physicists had already d1scovered the 
basic laws of thermal rad1at10n They are famll1ar to 
all of us. Let us recall two laws 
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First, the more a body IS heated, the bnghter 1t 
glows. The quantity of radiation em1tted per second 
varies drastically with change of temperature of the body. 
If the temperature IS mcreased three t1mes. the rad1at1on 
will mcrease almost one hundredfold 

Second. the colour of the em1ss•on changes with 
an increase In temperature. Observe a pieCe or Iron pipe 
under the name of a torch. At lirst It IS quite dark. 
but then a famt cnmson tmge appears. th1s turns 
red, then orange and yellow. And finally the heated 
metal begms to emu a wh1te light. 

An expenenced steelworker can gauge the temperature 
of an incandescent p1pe qu1te accurately by the colour of 
lummescence. He Will say that a famt crimson tmge means 
a temperature of about 500 C. yellow 1s about 800 C. 
and bnght wh1te IS over 1.000 C 

Physicists are not satisfied w1th th1s rough quahtat1ve 
descnpt1on, they want exact ligures. To a physicist, 
'the day 1s cold' means about as much as 'he had 
a big face'. What one needs is the peculiar features. 
the nose. the lips, the forehead. 

Physicists had encountered a great d1versity of 
bod1es and cond1t1ons m wh1ch thermal radiation 1s 
emltled. But th1s d1versity of conditions d1d not sat1sfy 
them in the least. They wanted some kmd of 'standard' 
body. a cntenon to be used as a bas1s for establishing 
the laws of rad1at1on of heated bod1es. Then the 
emiSSion of light by other bod1es could be regarded as 
deviations from the 'standard' Picture a descnption 
like this: "The nose of the man was longer than the 
standard nose. the forehead was narrower. the jaw more 
extended, the eyes somewhat greener and somewhat 
smaller than normal." Rather strange to us. but the 
phys1c1st would be delighted Here's why. 
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Blacker than Black 

Take a number of objects of the same colour. as 
close as possible. Now examtne them and try to see how 
they differ tn colour 

A careful exammation w1ll show that there are 
dtfferences. One, has a fatnt tmge. another has a deep. 
r1ch colour The dtfference 1s due to the fact that a 
certatn amount of hght falhng on the body 1s 
absorbed and a certam amount IS reflected. Naturally. 
the relationships of these two amounts can vary over 
a tremendous range. To take two extreme cases. 
a shmy metalltc surface and a p1ece of black velvet 
The metal reflects almost all the ltght that falls on tt. 
wh1le the velvet absorbs most of the hght and hardly 
reflects any. 

Mag1cians make good use of th1s property of velvet, 
for 1f an object does not reflect much hght. 1t is 
practically tnv1s1ble On the stage. a box covered 
With black velvet on a black background goes qu1te 
unnoticed. and the mag1c1an can go through all ktnds 
of tricks with handkerchiefs. p1geons and even himself 
appeanng and d1sappearmg. 

Physicists also found this property of black bodies 
very valuable. In the search for a standard body. they 
decided on the black body. A black body absorbs the 
most radiat1on and, hence. 1s heated by th1s rad1ation to 
a higher temperature than all other bod1es. 

Conversely, when a black body IS heated to a h1gh 
temperature and becomes a source of hght. tl rad1ates 
more tntensely at the g1ven temperature than any other 
bod1es. Th1s. then. 1s a very convenient rad1ator for 
establishing the yuant1tat1ve laws of thermal rad1at1on. 

However, it was found that black bodtes themselves 
em1t radiation tn d1fferent ways. For example, soot 
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may be blacker or lighter than black velvet, depending 
on the fuel it comes from. And velvet too can d1ffer. 
These differences are not great, but 11 would be good 
to get rid of them. 

Then physicists thought up the 'blackest' body of all, 
a box. A very special kind of box to hold thermal 
radiation. It was ribbed With inner walls covered with 
soot. A ray of hght enters through a tmy aperture and 
never gets out agam, caught for all t1me. The physicist says 
that this box absorbs all the radiant energy that enters II. 

And now let us make the box a source of hght; 
actually, th1s IS what it was mtended for. When heated 
sufficiently, the walls become incandescent and begm to 
emit VISible light. As we have already said, for a given 
temperature the thermal and hght radiatiOn· of such 
a box will be greater than for any other bod1es. which 
are then called grey to distmgUish them from our box. 

All the laws of thermal radiatiOn were established 
precisely for the 'very blackest' boxes. which were 
given the generic name 'black bodies'. With slight 
alterations, these laws apply also to the grey bodies. 

Exact Laws, Not Rough Approximations 

Let us now redefine our laws more exactly. m the 
language of physics. 

The first states that the radiatmg capacity of a black 
body. that is the energy It emits m the form of light 
and heat every second. is proportional to the fourth 
power of Its absolute temperature. • This law was 

• Absolute temperature 1s reckoned from 273 degrees helow 
0 degrees Celsms 
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discovered at the end of last century by the German 
scientists Stefan and Boltzmann. 

The second law states that as the temperature of 
a black body increases, the wavelength corresponding 
to maximum brightness of the light emitted by it 
must become shorter, and IS sh1fted towards the violet 
region of the spectrum. Th1s was called Wien's 
displacement law m honour of the Austrian physiCISt 
W. Wien. 

Physicists now had at the1r d1sposal two umversal 
laws of thermal radiation that could be applied to 
all bodies without except1on. The first gives a correct 
description of increasing bnghtness of luminescence as 
a body is heated. It m1ght appear that Wien's law 1s 
in poor agreement with observations, since as the 
temperature mcreases, the body emits more and more 
white light. Wh1te, not violet. 

But let us take a closer look. The Wien law only 
speaks of colour correspondmg to max1mum bnghtness 
of light radiation, and nothing else. It is tacitly 
assumed that in addition to th1s radmuon there remam 
the radiations of longer wavelengths (1. e., of a different 
colour) that had started earlier at a lower temperature. 
When a body is heated, 1ts rad1at10n widens the spectral 
range, opening up fresh reg10ns of the spectrum. As 
a result, if the temperature gets h1gh enough, we have 
a complete visible em1ssion spectrum. 

Th1s might be compared to an orchestra in which 
more and more instruments come in with higher and 
higher notes until the whole ensemble sounds m one 
m•ghty accord, from the deep 'red' base of the trombone~ 
to the highest shrill 'violet' of the piccolos. And whtte 
hght is the whole spectrum at once. Wien's law holds 
true. But nature dealt a blow to the investigators of 
thermal radiation from quite a dtfferent angle. 
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The Ultraviolet Catastrophe 

Phys1cists have a penchant for universal laws. As 
soon as 1t is d1scovered that one and the same 
phenomenon is descnbed, an vanous aspects, by several 
laws. an attempt 1s Immediately made to combine them 
mto a smgle general law encompassmg all aspects at 
once. 

Such an attempt was made. w1th respect to the laws 
of thermal rad1ation. by the English phys1c1sts Rayle1gh 
and Jeans. The unified law wh1ch the} obtained stated 
that the intensity of rad1at10n em1tted hy a hot body is 
d1rectly proportiOnal to the absolute temperature and 
mversely proportional to the square of the wavelength 
of the emitted light. 

Th1s law appeared to be in good agreement w1th 
expenmental findings. But 11 was suddenly d1scovered 
that the agreement was good only for the long-wave 
port1on of the ns1hle spectrum, the green, yellow and 
red. The law broke down as the blue, v10let and 
ultraviolet rays were approached. 

From the Rayle1gh-Jeans la-w 11 followed that the 
shorter the wavelength, the greater should be the 
mtens1ty of thermal rad1at1on. Expenment fatled to 
confirm th1s. What 1s more. a very unpleasant thmg 
was that as we move to shorter and shorter wavelengths 
the radiation mtensity was supposed to mcrease Without 
bound! 

Of course, th1s doesn't occur. There can never be 
an unbounded growth an wave mtensity. If a phys1cal 
law leads to 'unboundedness', 11 1s doomed. Nature 
has large things. very large. even unamagmably large 
thmgs. but there IS nothmg Without bounds. except the 
umverse Itself. 

Th1s cunous srtuatron that arose in the thcor)' of 
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rad1ation became known as the 'ultraviolet catastrophe'. 
That was at the end of last century. At that time, 
nobody could even 1magine that it was not s1mply 
a catastrophe for one. rather special, law. It was the 
collapse of the entire theory that gave b1rth to the 
law - the catastrophe of class1cal physics! 

Classical Physics at an Impasse 

There were physicists in those days who did not 
regard this radtattOn-theory obstacle tn the path of 
classical physics as signtficant. But any hindrance IS 

a grave matter. for everything tn the theory IS interrelated. 
If some point IS false. we cannot rely on the descriptiOn 
it gtves of other phenomena. If the theory is not 
able to overcome a ltttlc barncr. what hope 1s there for 
big barriers'.' 

Physicists made hero1c attempts to surmount the 
d1fficult1es of rad1atton theory. Today. these attempts 
seem logically mcons1stent. Yet what can one expect? 
When a theory gets mto a hot spot. tt is like a cat 
in a burning house with one way out - mto the river. 
The cat races from corner to corner, but tt never 
thinks to JUmp mto the water. for that would be 
against all the eat's instmcts. 

Somethmg stmilar happens to scientists who are 
caught 'burmng' tn the house they have worked all 
thetr hves. The house whtch ts so dear to them and 
to which they are so accustomed. They try to put the 
tire out. but they can't concetve of running away and 
leaving it. 

However. 1t became clear to the more acute sc1ent1sts 
that classtcal phystcs had reached an tmpasse. And the 
theory of thermal radiation was not the only blmd 
alley. Those same years saw the ether theory collapse too 
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The breakdown was so rap1d that many were m 
complete despa1r. What was there left to do? 

If the facts don't fit the theory, so much the worse 
for the facts. Nature does not want to obey any laws. 
"Nature is unknowable!" said some thmkers. 

The reactiOn of the materialist-thinking sc1entists was 
d1fferent. If the facts cannot be explamed by the theory, 
so much the worse for the theory. It will have to be 
reconstructed on a new basis. and immediately. 

H1story once again demonstrated that great necessity 
g1ves b1rth to great men. The way out of th1s cul-de-sac 
of classJcal phys1cs with 1ts immutable dogmas was found 
by Max Planck, who in 1900 introduced the concept 
of quanta, and by Albert Emstein, who in 1905 advanced 
the theory of relatiVIty. 

The Way out 

What was Planck's d1scovery? 
At first glance 11 is hard to call 11 a d1scovery. 

There were two laws dealing with the thermal rad1at10n 
of hot bodies. Separately, they held true very well. but 
when Joined mto a single law it confronted the 
'ultravJolet catastrophe'. Something like two men meeting 
wuh just about the same way of thinking; after a httle 
discussiOn they come up w1th absolutely ·mad' ideas. 

Planck at that hme was over forty. For many years 
he had been studying thermal radiatiOn. Right before 
his eyes the theory had come to an 1mpasse; hke 
h1s colleagues, he was seeking a way out. He checked 
the enure chain of reasoning and was finally convinced 
that there was no m1stake. Planck then went further 
and in a different direction. 

In later years he recalled how he had never worked 
so hard and with so much youthful energy and 
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inspiration as in those years at the turn of the century. 
The most improbable things began to appear to h1m 
quite possible, and with the persistence of the fanatiC, 
Planck went through one vers1on of the theory after 
another. 

At first he was gu1ded by a rather s1mple 1dea. 
Rayleigh and Jeans had combined the two laws of 
thermal radiation into one and had obtained an absurd 
result for short wavelengths. Maybe 1t is possible to 
hnk up the laws of Wien and Rayle1gh-Jeans in 
a different way and get something reasonable. 

For his expenmental material, Planck tned to find 
some general formula that did not contradict the 
material. After some search he found such a formula. 
It was rather involved. It contained expressions that do 
not have obvwus physical meaning -just an accidental 
combination of unrelated quantities. But strangely 
enough, th1s concocted formula was m excellent 
argeement with expenment. 

What IS more, from it Planck was able to derive 
the Stefan-Boltzmann law and the Wien law. And taken 
as a whole, the formula d1d not have any 'mlimties'. 
A correct formula, the phys1c1st would say. 

Y1ctory '? A way out'? Not exactly. Planck, a real 
scientist, was mclined to doubt. 

H1ttmg the keys of a piano twenty times at random 
mtght yteld a tune, but where ts the proof that 1t 
must produce a melody? The formula had to be 
deduced from somethmg. Sctence does not recognize the 
rule whereby the wmner IS not cnt1c1zed. On the 
contrary, he always 1s. and very fundamentally. Until 
the winner can prove every step m h1s competttton wtth 
nature, VICtory is not recorded. 

And tt 1s here that Planck fatled The formula did 
not want to be derived from the laws of classical 
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physics. Yet, it fit the expenmental data in miraculous 
fashion. 

That was the dramatic situatiOn in which Planck 
found himself. Would he take the view of classical 
theory against the facts or would he stand by the 
facts and fight the old theory? Planck took the side 
of the facts. 

Quanta of Energy 

What was 1t in class1cal physics that made it 
1m possible to denve Planck's formula? Nothmg less than 
one of Its most fundamental premises: the statement, so 
common and unshakable to tht: physicists of those days, 
that energy is contmuous. 

At first glance th1s would sec:m to contradict the 
spirit of class1cal physics, wh1ch from the very start 
recogmzed the discontmuity of thmgs as an underlymg 
principle. It appeared quite obv1ous. If we have empty 
space m the world, all objects have to be separated 
from one another and have boundanes. Objects do not 
pass one mto another in contmuous fashion. each one 
ends at some pomt. 

Maybe the situatiOn 1s d1fferent ms1de thmgs. No. 
there doesn't seem to be any contmUJty here either. 
Class1cal physics, at the end of the 19th century, was 
forced to recognize the existence of molecules and of 
empty space between them. The molecules had clear-cut 
boundaries, and only the vmd between was contmuous. 

Incidentally, molecules somehow managed to mteract 
through this emptiness. Since the t1me of Faraday, 
classical physics had been trymg to account for such 
interaction by the ex1stence of some sort of mtermed1ate 
medium, via wh1ch the mutual actiOn effects of the 
molecules were conveyed. 
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What about energy, though? It was held that when 
molecules collided, energy was exchanged in every 
imag:mable quant1ty. This exchange followed exactly 
the laws of billiard balls. A moving molecule h1ts 
a statiOnary one. g•ves up part of 1ts kmeuc energy, 
and the two molecules then wove off m different 
duect10n. In a head-on colhswn, the mcident molecule 
can even come to a stop; then the struck molecule 
will fly off w1th the speed of the first one (if theu 
masses are equal). Molecules are constantly exchangmg 
energy. 

Another form of energy was found. one not obvwusly 
connected w1th molecular motwn - the energy of wave 
motion. Since Maxwell proved that hght JS electro
magnetic waves. the energy of hght radiatiOn (of 
thermal ongin, for mstance) must follow the laws 
obeyed by all waves. 

Again. th1s energy 1s continuous. It is propagated 
together with the moving wave, flowing hke water. 
Any g•ven quantity of energy 1s consumed continuously 
m the same way that water continuously and mdivisibly 
fills a vessel. 

When we cut off a p1ece of butter. we do not think 
about the conunu1ty of the piece. We assume that 1t 
can be made as small as we please. When the concept 
of molecules was mtroduced into science. it became 
clear that there was no such thing as a p1ece of butter 
smaller than a molecule of butter. 

Now w1th regard to energy, there was no such 
notwn of discreteness. It appeared that the atom1c 
structure of matter d1d not demand that energy be 
composed of 'pieces·. 

It was enough to look around us to see that that 
was so. The hght from a candle filled a room with an 
even flow of rad1ant energy, just as the sun kept up an 
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uninterrupted stream of light. Or take the smooth 
build-up of speed (and with it, energy) of a locomotive 
moving downhill, of a falling stone. 

Imagme for a moment that energy is acquired and 
g1ven up in httle portions. One calls to mind the 
jerky movies of years ago. One pictures the candle 
flaring up and dying down, the sun shimng in bursts, 
as it were, a flash of rad1ant energy, and then a lull 
until the next flash. The train moving down a slope 
10 Jerks, the stone bumping along through the air in its 
plunge to earth. 

"Sheer nonsense!" was the answer Planck most likely 
got from his first suggestion that the energy of radiation 
(like matter itself) IS atomistic and that 1t 1s released 
and acquired not continuously but 10 small portions, 
quanta, as Planck called them, from the Latin 'quantum' 
meamng quantity. If he had only known the quality that 
would eventually grow out of such quantity! 

For Planck's formula, quanta were vitally important. 
Without them, ii would have failed miserably and would 
have gone to the dusty arch1ves of science along with 
so many others that have found no substantiation. 

These quanta of energy served as a firm foundation 
for Planck's formula. But the foundation itself rested 
on practically nothing since there was no place for 1t m 
class1cal phys1cs. That IS exactly what troubled the 
cautious Planck. It is no easy matter to give up a lifetime 
of habit. 

The Elusive Quanta 

A quantum of light is an extremely small portion 
of energy. The most minute particle of dust has 
thousands of millions of atoms. The radiant energy 

40 



released by a tmy glow-worm contams thousands of 
milhons of quanta. 

Now we come to the magmtude of these separate 
porttons of energy. Planck made the extremely important 
discovery that such portions differ for different types 
of radtatJOn. The shorter the wavelength of hght, that 
ts the higher tts frequency (m other words, the 'more 
violet' tt is), the larger the portiOn of energy. 

Mathematically, thts is expressed by means of the 
well-known Planck relation between the frequency and 
the energy of a quantum: 

E =ltv 

Here, E ts the energy carried by the quantum; v ts the 
frequency of the quantum; h ts a proportionality 
factor which turned out to be the same for all types 
of energy that we know. It is known as 'Planck's 
constant' or the 'quantum of actton'. The value of 
thts number is JUSt as great to physics as tts magmtude is 
small: 6 x 10- 17 erg per second! 

It ts thts insignificant magnitude of the quantum that 
makes the light of a candle or the sun appear to us to 
burn with a constant glow. To illustrate, let us calculate 
the number of quanta radiated by a 25-watt electric 
hght bulb per second. Takmg the emitted light to be 
yellow, we find by Planck's relationship 6 x 1019, whtch 
is 60 mtlhon mtlhon million portions of energy per 
second. All of that is radiated by a small 25-watt bulb 
every second! 

Quite obviously, the human eye ts not sensitive to 
such magnitudes of energy. Yet this is not so. The eye 
is an extremely sensitive instrument, as was convincingly 
demonstrated by the experiments of the Soviet physicist 
S. Vavilov. An observer was kept in the dark for a certain 
time (to increase the sensittvity of the eye) and then an 
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exceptiOnally weak source of hght that yielded just 
a few quanta per second was switched on. The eye 
recorded them almost as separate entitles! 

The pomt is not the magnitude of the quanta but 
the very h1gh rate at wh1ch they follow one another. 
We have already seen that even a small lamp emits 
millions upon millions of milhons every second. Now the 
human eye, like any other mstrument, operates with a 
time lag. It is not able to record events that proceed 
in rapid success1on. This inertia-like property of the eye 
1s what makes movmg pictures poss1ble. We see the 
screen as a contmuous sequence of events, although 
we know that the pictures are actually m the form of 
separate frames. Energy quanta em1tted by sources of 
light follow one another much more rapidly, and so 
the human eye sees hght as one continuous flow. 

VavJlov conducted his expenments in the 1930s, when 
Planck's notwn of quanta was generally recogmzed. 
Planck h1mself was not able to prove his discovery 
by d1rect expenment. 

The fact that a formula is corroborated by expenment 
but does not follow from theory always appears at 
first somewhat dubious. In this case, all the more so 
since the formula was obtained from reasoning that 
ran very much agamst the grain of accepted thought. 
That was why there was not much enthus1asm in 
sc1entific circles when Planck delivered h1s commumca
tJOn at the Berlin Academy of Sc1ences. Sc1ent1sts are 
human beings, too, and they reqUJre t1me to d1gest 
something so out of the ordmary. 

Planck h1mself was fully aware of the boldness of 
h1s attack on classical physics and was eager to 
Justify 1t. But of course he could never 1magme the 
tremendous developments that revolutionized the whole 
of phys1cs Just a few years later. 
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The first years of the twentieth century, 1901, 1902, 
1903, 1904, went by with hardly any attention pa1d 
to the theory of quanta. The number of scientific 
papers that appeared could be counted on one's fingers. 

An Unaccountable Phenomenon 

But then in 1905, a totally unkown member of the 
Swiss Patent Office, Albert Emstem, published h1s 
theory of the photoelectnc effect 10 metal!. 10 the 
German journal "Physikalische Rundschau". 

At the t1me that Einstem took up this study, the 
effect was well on m years. It had been discovered 
in 1872 by A. Stoletov. professor of Moscow Umversity. 
Later on 11 was studied by the German physicists 
Hertz and Lenard. 

Stoletov had pumped the a1r out of a nask, put two 
metallic plates ms1de and attached them to the poles 
of an electnc battery. Naturally, there was no current 
through the a1rless space. But when the light of a 
mercury lamp was made to fall on one of the plates, 
CUrrent Immediately began to now 10 the eleClfJC 
curcu1t. When the hght was turned off. the current 
stopped. 

Stoletov drew the proper conclusiOn, that current 
earners (later found to be electrons) had appeared in the 
flask and that they ongmated only when the plate 
was 11lummated. 

It was quite obvious that these electrons were eJected 
from the illummated metal much hke molecules JUmp 
into the a1r from the surface of heated liquid. However, 
the words ·much like' really mean 'quite differently 
from'; the eJectiOn of electrons from metal was funda
mentally different and, what IS more, was of an unknown 
nature. 
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To begin with, hght IS an electromagnetic wave. 
It is difficult to imagme how a wave can knock 
electrons out of metal. There 1s no collision here of 
ener~etic molecules, as a result of which one of them 
1s ejected from the surface of a liqu1d. 

Another mteresting Circumstance was noted. For each 
metal studied, there appeared to be a certam limiting 
wavelength of mc1dent light. When the wavelength 
was exceeded, the electrons m the flask disappeared 
at once and the current ceased to flow no matter how 
strong the hght was. 

This was altogether strange. It was clear that electrons 
are eJected from the metal because the hght m some 
way conveys energy to them. The bnghter the Illumi
nation, the stronger the current. The metal rece1ves 
more energy and larger quant1t1es of electrons can be 
knocked out. 

But no matter what the wavelength of the hght, 
the metal should be receiving energy all the same. 
True, with increasmg wavelength the energy d1m1mshes 
and fewer electrons are ejected from the metal, but 
still there should be some kmd of current. Yet experiment 
showed no current at all. One would think the electrons 
ceased to accept the radiant energy. 

Why were electrons so part1cl!lar about the energy 
food they were given? That was somethmg that 
physic1sts JUSt could not grasp 

Photons 

Einstem regarded the photoelectric eiTect from a 
different angle. He attempted to p1cture the actual 
process of the eJection of an electron from a metal 
by hght. 
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In normal conditions, there 1s no cloud of electrons 
hovenng over the metal. Which would suggest that 
the electrons are bound to the metal by some kmd of 
force. To knock them out of the metal, a little 
energy 1s needed. In Stoletov's experiments this energy 
was supplied by light waves. 

But a light wave has a definite wavelength, something 
of the order of a fractiOn of a micron, and 1ts 
energy is, as it were, concentrated in the minute 
volume occupied by an electron. Th1s means that in 
the photoeffect a hght wave behaves hke a tmy 
'particle'. It strikes an electron and d1slodges 11 from 
the metal. 

This must obviOusly be a particle of hght; as 
Newton would say, a corpuscle, because Newton regarded 
hght not as waves but as streams of particles. Then 
what would the energy be of such a particle? Calcula
tions show that It would be very small. Then why not 
suppose that 1t would be exactly equal to the quantum 
that Planck had conjured up five years before? 

So Einstem sa1d that hght is s1mply a stream of 
quanta of energy, all the quanta of a smgle wavelength 
being exactly the same, wh1ch is to say thai the 
quanta carry Identical portions of energy. Later, these 
quanta of hght energy were given the name photon. 

The explanatiOn now was complete. A photon carrying 
a small portion of energy stnkes an electron w1th 
sufficient force to knock it out of the metal. 

On the other hand, obvwusly, 1f the photon energy 
is insufficient to disrupt the electron bonds m the metal, 
the electrons will not be knocked out and there Will 
be no current. According to Planck's formula, the 
energy of a quantum IS determmed by 1ts frequency, 
and the greater the wavelength of the light, the lower 
the frequency. Hence it is quite obvwus that the 
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photoelectnc effect has definite limits. It IS simply 
this: 1f the wavelength of the light is too large, the 
photons do not have energy enough to dislodge 
electrons from the metal. 

What is more, it doesn't make any difference how 
strong the light IS, whether a thousand or only two 
photons strike the metal and bombard its electrons: 
the latter are indifferent. The situation changes 1f the 
photons have suffic1ent energy. In this case, the brighter 
the light, the more photons enter the metal every 
second, and the greater the number of electrons ejected, 
thus producmg a stronger current. 

Thus, an explanation has been found. But, like the 
Planck hypothesis, it undermmes the foundatwns of 
classical physics, where hght is considered to be 
electromagnetic waves and under no circumstances 
these new-fangled photons. Emstem's theory again started 
up the two-century argument over the essence of hght. 

What is Light? 

Actuall)', there was never any let up in the argument. 
The problem arose at the dawn of classical physics 
and hved a tempestuous life. The d1lemma was: what 
IS light, waves or particles? 

Both viewpoints appeared m phys1cs at about the same 
time. Bodtes shine by ejecting streams of light particles, 
corpuscles, sa1d Newton. Bodies shine by pulsating and 
forming waves m the surrounding ether. said Newton's 
contemporary, Huygens, of Holland. 

Each theory had its adherents, and they clashed from 
the start. It was a fierce struggle that went on for over a 
hundred years, first one side wmning and then the other. 

Finally, at the begmmng of the nineteenth century 
the expenments of Young, Frensel and Fraunhofer 
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resulted an what would have seemed a decisive victory 
l'or the wave theory of light. The newly discovered 
phenomena of interference, diffraction and polanzation of 
light were in excellent accord with Huygens' theory 
and qu1te incomprehensible from Newton's viewpoint. 

Opt1cs began to develop. Brilliant optical theories 
were developed and complex optical mstruments were 
constructed. Finally. Maxwell completed the structure of 
optics by proving the electromagnetic nature of light 
waves. The tnumph of the wave theory was complete and 
uKhsputable. 

But less than fifty years passed and the corpuscular 
theory of light was agam revived The photoelectric 
effect wh1ch the wave theory had failed to explam -
what an annoyang blem1sh on an otherwise perfect 
structure!- was accounted for in amazing fashion by the 
opposing theory. 

The century-old argument agam flared up. But now 
the fight was on a new level. Both adversanes were 
tired out and ready for a compromise of some kmd. 
Gradually 1t dawned on phys1cists that the amazing 
and mevJtable v1ew had to be that light 1s at the 
same t1me both waves and part1cles! 

But why IS 1t that hght never mamfesls itself 
completely m th1s twofold manner? Somet1mes it 
appears only as particles, yet at other t1mes it IS only 
m the form of waves. We shall take that Important 
question up later on. 

The second question that came w1th Emstein's theory 
was not simple either. It appeared that m the photoelect1c 
effect the electrons d1d not react to JUSt any portiOn 
or energy offered them. The port1on of energy had to 
be or a very delimte magmtude or greater, otherwise 
the hght energy found no response. 

It also turned out that an electron wh1ch JS not 
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bound by any forces to netghbouring ones ceases to be 
particular and responds to all kinds of energy packets. 
But if the electron should find itself in a metal, it gets 
moody and demands specific porttons of energy again. 

Why tht!; ts was explained some twenty years later. 

The Visiting Cards of Atoms 

Meanwhile, a young Danish phystcist, Niels Bohr, 
tried to apply the new quantum concepts to the 
respectable sctence of spectroscopy. By the twentieth 
century, hundreds of paj)ers had appeared dealing with 
spectroscopy. Spectral analysis was moving ahead at 
qutte a pace domg great servtce in chemistry, astronomy, 
metallurgy and other sctences. 

Credtt for the discovery of spectra goes to the 
dtversified gemus of Newton. But spectral analysts 
made its appearance only a century ago. In 1859, the 
prominent German chemtst Bunsen repeated Newton's 
old experiment by placmg a glass pnsm in the pathway 
of the sun's rays and decomposmg the hght into 
a spectrum. In Bunsen's experiment, the role of the sun 
was played by a burning rag dtpped in a salt solutton. 
Newton had found that a ray of sunlight is expanded 
into a band of many colours. Bunsen dtdn't see any 
band· at all. When the rag had table salt (sodtum 
chlonde) on It, the spectrum exhibited only a few 
narrow hnes, nothing else. One of the lines was a 
bright yellow. 

Bunsen got another well-known German sctenttst, 
Kirchhoff, mterested m this fact. Both of them cor
rectly concluded that the role of the glass prism con
ststed only in sortmg the inctdent rays of light into their 
wavelengths. The extended band of the solar spect
rum indicated that all the wavelengths of visible hght 
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were present. The yellow line, which appeared when 
the light source was a burning rag, indicated that the 
spectrum of table salt had a smgle spec1fic wavelength. 

The formula of sodium chlonde 1s NaCJ. To which 
element (sodium or chlonne) did the yellow line belong? 
Th1s could be checked very simply. The sodium could be 
replaced by hydrogen, g1ving us hydrogen chloride, 
HCl, which, when dissolved m water, yields hydrochlonc 
acid. The rag was dipped in hydrochloric ac1d and 
placed 10 the name of a Bunsen burner and the 
spectrum was taken. The yellow line had disappeared 
without a trace, which meant that 1t belonged to 
sodium. 

This was venfied once again. The sodiUm was retamed, 
and the chlonne was replaced (caustic soda, NaOH). 
The fam1har line appeared in the spectrum immediately. 
There was no longer any doubt. No matter what the 
substance in which sodium appeared, 1t made its 
whereabouts known by the bright yellow spectral hne, 
1ts visiting card. 

Later, 1t was found that sodium is no exception in 
this respect. Every chemical element has its own 
characteristic spectrum. As a rule, some of the spectra 
were much more complicated than that of sod1um and 
consisted at times of a very large number of lines. 
But no matter what the compound or substance the 
element appeared m, 1ts spectrum was always distinct, 
like the photograph of a person. 

One m1ght look for a person m a crowd by 
checkmg the identificatiOn card of each one, hke 
chemists do when lookmg for elements in rock specimens 
using chem1cal methods of analysis. But an eas1er way is 
to have his photograph. Which IS precisely how the 
search is done with the aid of spectral analys1s. And 
the elements are found in places where 'looking over 
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tdenttticatton cards' would be out of the questton -
on the sun. m dtstant stars, in the mferno of blast 
furnaces and m plasma. 

All that 11 needed 1s the photographs of all the 
parttctpants. Today there are over a hundred chem1cal 
elements, and nearly all of them have been classttied 
accordmg to thetr charactensttc spectra. 

Why do Bodies Emit Light? 

The successes of spectral analysts were colossal. but 
there was a fundamental flaw. The edt lice of spectroscopy 
was erected on the foundatwn of the theory of thermal 
radtatiOn and bore all the traces of the bas1c shortcommg 
of th1s theory The baste weakness lay m Its answer 
to the questiOn: Why do bodtes begin to emil hght 
when heated? 

How IS th1s hght emttted? Obvtously. by the component 
parts of the bodtes -atoms and molecules. lncreasmg 
temperatures make the molecules move faster. Mutual 
colhstons are more vwlent and more frequent, and the 
molecules vtbrate so fast that they begm to emil 
hght That was the vtew of the old phystcs But then 
why do not bodtes lummesce at room temperature. smce 
the molecules are sttll m motwn? No explanatiOn was 
then forthcoming. 

When, m IX98, the English sctenttst Thomson created 
the tirst model of the atom. the mystery of lummescence 
seemed about to be solved. In this model. atoms were 
clouds of postttve charge wtthm whtch floated negattve 
electrons m quantities suftictent to balance the charge. 
The electrons were attracted by the posittve clouds 
and retarded m thetr mot10n. 

But accordmg to classtcal phystcs, charged parttcles 
have to em1t electromagnetiC radtatwn when they are 
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decelerated. Apparently, that radiation is the hght 
emitted when bodies are heated. At first glance, the 
explanation was quite convmcmg. The more a body 
ts heated, the faster the electrons move m the atoms 
and the greater the deceleration due to the attractton 
of the clouds of posttive charge, and hence the more 
intense the radtatton. 

That could he the case if electrons dtd not expend 
energy when radtatmg. But when electrons radtate light, 
they must decelerate wtth extreme raptdity. In just the 
most minute fraction of a second they would have 
bogged down in the postttve clouds ltke ra1sins in 
pudding. 

Somethtng was wrong. Several years later it became 
evident that the Thomson model of the atom would 
not work tn other respects as well. Too many questions 
remamed unanswered. And then why don't the electrons 
stmply merge with the pos1t1ve cloud and neutralize 
their charge? The few answers that are obtainable from 
thts model come mto sharp confl1ct With expenmcnt 
in most cases. 

In 1911. the eminent Enghsh phys1cist Ernest 
Rutherford proposed a new model of the atom. 
Rutherford bombarded atoms of vanous substances w1th 
the newly d1scovered alpha rays of radioactive material. 
It was already known that these rays cons1st of 
pos1t1vely charged parttcles. 

Studying the scattering of alpha particles by atoms, 
Rutherford was forced to a concluston with far
reachtng consequences. The alpha particles were scattered 
as 1f they were repulsed not by the enure pos1tive 
cloud of the Thom'son atom, but by a very small 
portion of the atom concentrated somewhere at the 
centre The entire posit1ve charge of the atom appeared 
to be concentrated tn this tmy central part. 



Rutherford called th1s part of the atom the core 
(nucleus). Then where are the electrons? The old view that 
the electrons were bound to the pos1t1ve charge m the 
atom by the electnc forces of attraction was not m doubt. 
But smce the electrons ex1st at a certain d1stance from the 
core, there must be some force that counterbalances the 
electric force of mutual attractron of electrons and 
nucleus. 

It was obv1ous that this force had to be operat1ve 
all the time. Atoms exist for a sufficiently long time, 
and so the countering force would obv10usly have to be 
JUSt as constant as the force of electncal attraction 
between electrons and nucleus. 

It seemed reasonable to thmk that this was a centnfugal 
force. It appears 1f electrons revolve about an atomic core. 
It could be calculated whether the force 1s sufficient to 
keep the electrons from falhng mto the nucleus. 
CalculatiOns showed that It 1s qutte sufficient 1f the 
electrons revolving about the nucleus move at speeds 
of many tens of thousands of kilometres per second 
and at a dtstance from the nucleus of the order of 
hundred mdhonths of a centtmetre. 

Th1s was the Rutherford model of the atom. A ball 
swmging round at the end of a rope had mduectly 
suggested to Newton the 1dea of planetary gravitation; 
th1s same 1dea now led Rutherford to the mgemous 
and perfectly correct (as the future has shown) concept 
of a planetary structure of the atom. 

Now we can return to the problem of why bodtes 
em1t hght and seek the answer m the new model of the 
atom. The motiOn of electrons about the nucleus rs 
accelerated motiOn (the electrons move along closed 
curves). Hence. there must be electromagnetiC radiatton. 
The classtcal laws are equally applicable to the Thomson 
model and the Rutherford model of the atom. But. 



unfortunately. the success is also the same. In radiating 
hght, an electron uses up its energy. In doing so, 1t 
slows down m m1lhonths of a second and must 
inevitably fall onto the nucleus. JUSt hke a satellite 
decelerated in the earth's atmosphere falls to earth. 
The fate of the electron should be the same as that 
of the satellite. An atom, under such cond1t1ons, would 
very soon cease to ex1st. 

But atoms live on. Electrons should not be glVlng 
up energy and should not em1t light. But bod1es do 
em1t light when heated! 

The Biography of the Atom Written 
by Niels Bohr 

Class1cal phys1cs was agam at an impasse. And a worse 
one than m1ght be supposed. It was not able to 
account for the lummescence of heated bod1es. and 
11 could not explam the existence of spectra. 

You remember the rag with the sodium chlonde 
solutwn The spectrum of th1s salt cons1sts of only 
one yellow lme, wh1ch means that the rad1at1on of 1ts 
atoms consists of only one wavelength 

Even 1f we assume that th1s line 1s em1tted by an 
electron decelerated m the atom, we are Immediately 
confronted by another d1fticulty. The laws of classical 
phys1cs state that such an electron should em1t not 
one line but a whole spectrum of lines with all 
wavelengths, and w1th no d1scon11nu1ties m the spectrum. 
The spectrum of an electron should not differ from 
the spectrum of the sun. Yet we have only one yellow hne' 

Bohr realized that somethmg was wrong. But what? 
Maybe the Rutherford model of the atom was to blame" 
No, 1t was too early to reJect th1s model. And Bohr's 
teacher, Ernest Rutherford. was of the same op101on. It 
was thought an attempt should be made to mod1fy 
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and tmprove the model so that an electron m it could 
revolve about the nucleus and emtt hght and yet not 
fall onto the nucleus 

The year was 1912. Fresh m the memones of all 
phystclsts was the sensation that Emstem had created with 
h1s photons. And only three years before, 11 was Emstein 
agam who completed his theory of relatiVIty - another 
sensation. Naturally, all these attacks on classtcal phys
ICS could not but sur up the young phys1cists and 
add boldness to the1r mode of thtnktng. 

Bohr contmued to mull over the problem and at 
last got an tdea. Why should an electron tn an atom 
em1t ltght contmuously'! Because 11 1s always movmg 
at an accelerated rate') Let's reject that and say that 
an electron m an atom need not g1ve otT hght even 
when m accelerated motton. 

And how IS th1s poss1ble'! The electron has to move 
along a spec1tic path about the nucleus. m an orb1t, 
and not Just any way. If the electron does not em1t 
hght, tt can hve tn the atom as long as tt hkes. 

But there was no way tn whtch classtcal phystcs 
could countenance such a Situation What ts more, 11 
dtdn't follow from any other theory. Bohr was not able 
to prove it And so he modestly called 11 a postulate. 
Bohr. tnctdentally, was never able to prove 11 wtthm 
the framework of h1s theory. The proof came some h:n 
years later and was qwte unexpected That we'll dtscu!>s 
later on But how many poss1ble orb1ts are there m 
whtch an electron can move without emtttmg ltght? 
Bohr's calculations show that the number 1s great, very 
great. What's the distmgwshmg feature'! The mean dts
tance from the nucleus· there are close orb1ts and 
d1stant orb1ts. Yet 11 1s not a questton of distance, 
but of the energy whtch the electron possesses m tts 
orbit. Wh1ch 1s understandable, because the closer an 
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electron 1s to the nucleus, the faster it has to move to 
keep from fallmg onto the nucleus The reverse 1s true 
of a more distant electron, wh1ch IS not so strongly 
attracted to the nucleus, and hence can move more 
slowly. The conclusiOn, then. IS that the pathways 
(orb1ts) of electrons d1ffer as to electron energy. As long 
as an electron stays m 1ts orbll. there IS no emiSSion of 
hght. Bohr at th1s pomt advanced a second postulate. 
Let us suppose an electron in orb1t suddenly jumps to 
another orb1t of less cnerg}. Where has the excess 
energy gone? Energy cannot simply vamsh away mto 
noth1ng. Seck 11 outs1de the atom, says Bohr 

The energy is ejected from the atom m the form of 
a quantum, that same quantum of hght energy wh1ch 
Emstem had mtroduced 

An electron that has emitted a photon takes up a 
d1fferent orb1t and docs not cm11 hght any more The 
photon 1s ejected dunng the m10ute fraction of t1me 
when 11 jumps from one orbit to the other. 

Meanwhile the photon 1s makmg its way through 
the other atoms and linall} gets out of the substance. 
It can enter our eye, 11 can be passed through a glass 
pmm 10 a spectroscope and photographed. The energy 
contmned 10 photons 1s transformed many limes before 
"'e sec 1ts actual 1mage as a black lme on a photo
graphiC plate 

Th1s hnc has a lot to say for Itself By mea!'.ur
IOg lh pos1t10n on the plate we can lind the wavelength 
of the photl)n and 1ts frequency. Then we tCJke the 
Planck relat10nsh1p between frequency and energy of 
photons and determmc the energy of the photon. Th1s 
energy come!\ out as the exact d1fference m energy 
between the old and new orbits 10 the atom The 
blackness on the plate at the s1te of the spectral hne 
md1cates the number of photons there· the more there 
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are, the blacker the line. The more photons, the brighter 
the body that has emitted them. 

What a simple and elegant explanatton of spectra. 
All the atoms of a certain substance are exactly 

alike. Hence, the electrons all ex1st under the same con
ditions. And so the photons em1tted during JUmps bet
ween two orb1ts are all the same. All transitions that 
electrons make between two orb1ts yield, in the final 
analysis, a smgle umque spectral hne. 

We have already ment1oned that there are quite a 
few such old and new orb1ts. An electron can reside 
m any one of them, in turn. 

Every JUmp from a higher-energy orbit to one of 
lower energy 1s accompamed by the birth of a photon. 
But smce there 1s a d1fference of energy between dif
ferent orbits, the photons w1ll have different energies 
and frequencies. A photographic plate wtll then exhib1t 
a senes of narrow spectral hnes. This 1s exactly what 
the spectrum of gaseous hydrogen looks hke. It has 
several tens of hnes with d1fferent wavelengths. 

Generally speakmg. such a s1mple spectrum as that 
of sochum cons1stmg of only one hne is a rarity. Spectra 
usually have many tens of hnes and frequently even 
thousands of hnes. The spectral patterns of some che· 
mtcal compounds are so mtricate that there doesn't 
seem to be any hope of dtsentanghng them But there 
are laws to go by which make the task easy. 

Before Bohr's theory, phystctsts had racked thetr brains 
m attempts to decipher some of the comphcated spectra. 
And when Bohr proved that the spectrum is the 
btography of the atom, more precisely, of the atomic 
electrons, the job was greatly simplified. All one had 
to do was to combme the various electron orb1ts in 
an atom until he obtamed the observed hnes of the 
spectrum. 
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And conversely, by examimng a spectrum, one can 
draw all manner of conclusiOns about the conditions 
under which atom1c electrons exist. This is very im
portant. Actually, JUSt about all that we know about 
the electron shells of atoms has been acqu~red through 
a painstakmg analys1s of their spectra. 

From Where do We Reckon the Energy? 

Now th,at Bohr has explained how an atom emits 
hght, let us ask WHY. Why do bodies begin to emit 
light only at high temperatures and why do they cease 
to emit hght at room temperature? 

Before answermg this question we shall have to digress 
a bit. The very convincmg p1cture of the atom which 
we have just drawn will have to be turned ups1de 
down. Not that there is somethmg wrong with it. No! 
It is s1mply the sequence of electron orbits that has 
to be reversed. 

We cons1dered the close orbits to be the most ener
getiC ones, whence it followed that a photon was emitted 
when an electron jumped to an outer orbit from the 
nucleus. Actually, 1t is just the other way around. 

Let us try to picture th1s busmess by d1gging a hole 
10 the ground. Put a ball at the bottom of the hole 
and put another one on the ground near the hole. 
Which of the two balls has the greater energy? 

A knowledgeable person will immediately say: "The 
question 1s not clear. F1rst, what energy are you talk
ing about, potential or kinet1c? Second, from what 
level do you reckon the potential energy? If the level 
of the earth 1s taken, then the potential energy of the 
ball on the ground may be taken as zero, then the 
ball in the hole will have a potential energy less than 
zero, that IS, negative energy. But 1f we reckon the 
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potential energy from the bottom of the hole, then the 
ball on the ground w1ll have a potential energy greater 
than zero. Since both balls are statiOnary, the1r kmetlc 
energy m both cases 1s zero." Let's try the first frame 
of reference. 

But suppose the ball IS m mot1on. Then to 1ts po
tential energy we add the kinetiC energy. However, the 
sum of both energ1es, called the total energy, will obvi
ously remain negative 1f the ball does not jump out 
of the hole. On the contrary, 11 w1ll become pos1t1ve 
1f the ball JUmps up and rolls along the ground. 

Th1s lengthy explanatiOn may be a btt tlnng to the 
reader but 1t will help to clanfy many thmgs now and 
later. The pomt 1s that from the v1ewpomt of energy, 
an electron m an atom 1s hke the ball m the hole. 
A free, mdependent, electron IS hke the ball on the 
ground. Phys1c1sts have agreed to reckon the energy 
of such electrons taking for zero the total energy of 
a free but stationary electron. 

Of course, there 1sn't very much m common between 
an electron and a ball. Probably only that they are 
both constramed m the1r movements The ball can't, 
of itself. leave the hole. and an electron cannot leave 
1ts atom That 1s prec1sely why atoms ex1st. 

The closer the ball 1!. to the top of the hole. the 
farther 1t IS from the bottom and the greater 1ts total 
energy (wh1ch means. the lower the negat1ve value of 
energyl. The same w1th the electron The farther 11 1s 
from the nucleus, the h1gher 1ts total energy; the closer 
11 1s to the nucleus. the lower 1ts energy (but the greater 
1ts negat1ve value. naturallyl. 

To summanze. then, when an electron Jumps to an 
orb1t closer to the nucleus. 11 d1mm1shes 1ts energy. so 
that photons are emitted m JUSt !.Uch transitions. And 
conversely. the farther the orbit IS from the nucleus. 
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the closer the electron 1s to 'escapmg' from the atom, 
and the more energy the electron has. Now let us 
return to our story. 

Excited Atoms 

Agam we have to deal w1th our ball. Why doesn't 
It fall'! Whtch ts a silly questiOn, since there ts no
where to fall. 

We have a stmtlar Situation w1th an atomic electron 
at low temperatures. There is nowhere to JUmp to. 
The electron is located m the orbtt closest to the nucleus; 
from here the only place to fall is onto the nucleus, 
whtch is JUSt as 1mposstble as for our ball to fall 
through the earth. 

The electron energy IS at tts lowest. The electron has 
nothmg left to lose. Therefore. 11 cannot emtt any light. 

It 1s ev1dent that the electron must lirst be m an 
orbu some dtstance from the nucleus so as to be able 
to fall closer to the nucleus. The q uesiJon is: How 
does the electron get mto an outer orb1t? The same 
way that a ball can get to the top of a ladder. say: 
by us puttmg 1t there, wh1ch IS to say. by givmg 11 
some energy 

The same thtng goes for the electron. To put 11 mto 
a dtstant orb1t, we must g1ve It some energy More 
specifically. we have to Impart to the electron a portion 
of energy that 1s at least as much as the energ} dtf
ference between the two orb1ts. 

There are d1fferent ways of deltvenng the energy. One 
common way occurs 111 the thermal motton of atoms 
when one atom w1th suffictent speed collides wtth an
other, gtvmg up the nght amount of energy. At room 
temperature, such collis10ns are common. but the energy 
1s too low. When the temperature reaches hundreds and 

)'} 



thousands of degrees, collisiOns result in btg exchanges 
of energy, electrons Jump to new orbits, and light is 
emitted. 

Energy has been imparted, the electron ts m an outer 
orbit. Then what happens? The nucleus does not allow 
the electron to stay m the outer orbtt for any length 
of time. It pulls tt back mto an mner orbit, and as 
the electron JUmps mwards, a photon is eJected. Our 
eye perceives the photon and we say that the body 
glows, or emits hght. 

The body ts now emttting hght. Let us ratse the tem
perature and see what happens. The thermal motion 
of the atoms becomes more energetic, collisions are 
more frequent and vtolent. The electron spends only 
a httle ttme m tts mnermost orbit. The atoms more 
and more frequently go mto a state which phystCtsts 
call 'excited', then return to 'normal' only to leave 11 
again almost immedtately. 

At this point, photons are bemg generated by thou
sands and mtlhons every second. They butld up ava
lanche-like as the temperature nses (recall the Stefan
Boltzmann law). 

But it is not only the number of photons that is 
mcreasing. The lengths of the electron jumps also increase 
The first ttmid JUmps to netghbounng orbits and back 
again gtve way to record leaps to dtstant orbits, far 
away from the nucleus. Jumping back from such orbtts 
the electrons generate very strong photons. And we know 
that the higher the energy of a photon, the! greater 
tts frequency and the smaller its wavelength. The emtt· 
ted light becomes brighter and more 'vwlet' (recall 
Wien's dtsplacement law). 

Bohr's theory was thus able to account at one stroke 
for the bas1c laws of the theory of thermal radiation 
and spectroscopy. After thts great success, the quantum 

60 



nature of hght and of atom1c processes was obvious. 
In JUSt a little while this was recognized by most 
scientists. 

The First Setbacks 

Yet 1t was still early to speak of a complete victory 
for Bohr's theory. The next ten years saw a tremendous 
development of the theory. There was a great expans1on 
m the range of phenomena that it embraced. These 
included the most subtle processes of em1ssion and 
absorption of hght by atoms, and the detailed structure 
of atoms and molecules. In 1914, Kosse) Ia1d the 
foundations of quantum chemistry now included in every 
textbook on the subject. In 1916, Sommerfeld advanced 
a more exact theory of the ongin of atom1c spectra. 
To th1s day it helps dec1pher complicated spectra. The 
new theory was able to account for recently discovered 
magnetic and electncal properties of atoms and mol
ecules. 

At the same t1me, the Bohr theory was encounter
ing more and more difficulties. It was not capable of 
explaining many new facts, some of wh1ch were the 
ones that gave 1t b1rth. 

The first was m the very spectra that Bohr's theory 
helped to explain. The trouble was that the explanation 
was not suffic1ent. 

We have already mentwned that spectral lines are 
characterized not only by wavelength but by bnghtness 
too. From Bohr's theory we could find the distance 
between the rungs of the energy ladder of electron 
orbits (that is, the wavelengths of the photons generated 
in electron JUmps from rung to rung, from orbit to 
orb1t). But the theory was helpless as far as accounting 
for the brightness of the spectral hnes was concerned. 
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It was not clear how one could calculate the number 
of photons m the spectrum. 

It was obviously too early to speak of a victory 
for the Bohr theory over classical phys1cs. Though he 
at first d1spcnsed wtth the classiCS, he later had to revert 
to them. Th1s was m the form of the so-called cor
respondence pnnc1ple. 

In a nutshell 1t was this Classical physics was able 
to calculate the brightness of spectra, but could not 
account for their ongm. Quantum mechamcs was able 
to explain the essence of spectra. but could not cal
culate the brightness of the spectral lines. Bohr conclud
ed that both theones had to be used. and that they 
should be harnessed together m areas where they more 
or less coincided. 

But where did this occur? Accordmg to classical 
physics, an electron in orbit about an atomic nucleus 
would come closer and closer to 1t and finally fall onto 
1t. In the process. it would em1t a continuous spectrum 
with no smgle hnes. 

According to quantum mechamcs, an electron m an 
atom radiates separate hnes or. as we say. radiates a 
discrete spectrum. What have the two spectra m com
mon? 

The rungs of the energy ladder of electron orbits 
have different heights The height IS less, the farther 
the orbit IS from the nucleus The energy ladder in the 
atom IS somewhat like a long ladder looked at end
Wise, in perspective, so to speak: the rungs at the far 
end appear close together. In the case of the ladder, 
this is simply an optical Illusion. while m the atom 
1t IS an actual fact. 

But the he1ght of the energy level corresponds to the 
energy of the photon or the wavelength of its spectral 
lme. Thus, long wavelength hnes of the spectrum. which 
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correspond to electron JUmps between orbits dtstant 
from the nucleus. must be close to one another. whtch 
makes 11 appear as an almost contmuous spectrum. 

Thus, the long wavelength sectwn of the 'quantum' 
spectrum should not dtiTer materially from the very 
same sectwn of the 'classtcal' spectrum. In thts regton, 
the bnghtness of the first spectrum could be calculated 
on the basts of classical phystcs. And then we could 
extend the calculatwn to the enttre 'quantum' spectrum. 
That is the correspondence princtple. 

It was a brilliant tdea, only m practice phystcists 
were disappomted. Experiment yielded lme brightnesses 
that diiTered from those of theory. 

Generally speakmg. it was hard to expect anything 
else. A theory that has to resort to outstde help ts 
not very strong. And one that has to go for help to 
Jts recent opponent ts weak indeed. 

To introduce classical phystcs 1010 quantum mechanics 
is, as the English physictst Bragg once said. hke 
preaching 'classtcal religwn' on even days of the week and 
'quantum rehgwn' on odd days. Though sctence some
times resorts to two gods and finds tt useful. actually 
tt ts an indication of a weakness 10 the theory. 

A closer look at the new theory wtll show that the 
correspondence prmciple was not the only lapse m 
Bohr's theory. Actually. from the very start all tis haste 
premtses bore clear traces of classtcal phystcs. 

Bohr rejected the classical vtews on electron motton, 
yet mtroduced the concept of electron orbtts m the 
atom. He was firmly convmced that electrons revolved 
about the nucleus of the atom m the same way that 
the earth moves round the sun. 

Bohr 'prohtbned' the electron from radtatmg while 
in orbit. but he could not find any good justtficatwn 
for domg so. Bohr's theory gave a correct explanatton 
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of the origin of photons 10 atoms, but the process as 
such remained a mystery. It did not follow from any 
of its postulates. 

This dual nature of Bohr's theory was qmck to ma
mfest itself. New facts cropped up that did not fit 10to 
the framework of the theory. Yet it had merits. Bohr's 
theory was a tremendous step forward 10 understanding 
the world of the atom. And it had 1ts hm1tat1ons. It 
explained much that was 10comprehensible and beyond 
the means of classical phys1cs. But almost as much 
remained unaccounted for. 

The time for new steps had come. And they were 
soon made. The first was taken by the French phys
Icist Louis de Broghe. 



From Bohr's theory 
to quantum mechanics 

A Remarkable Article 

In 1924, the September issue of the English "Philo
sophical Magazine" carried an article by an unknown 
physicist, Louis de Broglie. The author described the 
principal points of his dissertation, which was devoted 
to the possible existence of matter waves. 

Waves of matter? Weren't they the commonly known 
sound, light and other such waves, which are quite 
material and which are perceived by our sense organs 
or are recorded by instruments? 

No, it turns out that de Broglie had in mind quite 
different waves. The views expressed by de Broglie were 
so unorthodox and paradoxical that they could easily 
compete in originality with those put forward by Planck 
a quarter of a century before concerning quanta of 
energy. And not only as to their importance to phys
ics, but also in the way they were received by very 
many physicists: open incredulity. 

What are these matter waves, anyway? 
Before going into item, let us take a look at 

'ordinary' waves, which had been thoroughly studied 
hy that time. 
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A Little about Ordinary Waves 

Throw a stone mto a pond and watch the waves 
move over the surface of the water. lncJdentally, sur
face waves are practically the only type of wave that 
can be observed d1rectly in motJon. 

It m1ght appear that the water Jtself moves With the 
waves. But this Js not so. Watch any httle boy throw 
stones behmd h1s toy sh1p hopmg m this way to move 
11 back to the shore. The waves move under the craft, 
which Just bobs up and down m one place. This means 
that the water does not move away, but JUSt up and 
down. In big waves produced by b1g stones, there 1s 
a httle movement of the water, but never for any great 
d1stance. 

This 'carrymg' property of h1gh surface waves 1s made 
use of in ridmg the surf, a sport common in Austraha 
and the Hawa1ian Islands. The sportsman stands on 
a large board and moves up and down with the b1g 
regular waves movmg m towards the shore. He gets 
onto a wave and moves towards the shore at a tremen
dous speed. But the shghtest false move and he will 
find himself m the trough of the wave mstead of on 
the crest. 

In th1s nsky, exc1tmg sport, the wave carnes the 
sportsman pllotmg h1m towards the shore. Remember 
the term, p1lot wave. We shall return to Jt later on. 

Last century, physJcJsts learned that sound was also 
a wave motion. Sound waves were found to be pro
pagated m the a1r, m water. and m sohds. What ts 
tt that vtbrates m sound waves'? The parllcles of the 
medJUm through wh1ch the sound JS propagated. Mol
ecules of a1r, water, the atoms of sohds. 

Take away the aJr, water. matter generally, and sound 
waves d1sappear. There 1s no sound in a votd. Future 
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astronauts w11l probably observe grandiose eruptions of 
volcanoes on distant anless planets all m complete si
lence. Only the ground shaking under their feet will be 
felt. On the moon, spacecraft Will start up in absolute 
silence. There w11l be no roar of rocket engmes as we 
know 1t here on earth. 

The phys1c1sts of last century hkew1se learned about 
the nature of electromagnetic waves produced by the 
movement of electnc charges. 

The hght and rad1owaves of d1stant stars and nebu
lae now arnvmg at the earth began their tnp thousands 
and milhons of years ago. The1r pathways lay mostly 
through enormous and nearly empty interstellar spaces. 
On the moon, astronauts in complete silence will watch 
jets of dazzhng fire eject from the bottom of their 
space rocket. 

In a vacuum, one can see and not hear. That is 
the most fundamental difference between electromagnetiC 
waves and mechamcal waves, mcludmg sound waves. 
No mtermedJate medmm IS needed for the propagation 
of electromagnetiC waves. On the contrary. a med1um 
only reduces the1r speed. 

Getting Acquainted with Matter Waves 

Let us return to the matter waves. 
De Broghe mamtamed that these waves are generated 

m the motiOn of any body, whether a planet, a stone, 
a part1cle of dust or an electron. L1ke electromagnetiC 
waves, they are capable of propagatiOn m an absolute 
v01d. Hence, they are not mechamcal waves. But they 
are produced in the motion of all bodies, including 
those not charged electncally. Hence, they are not 
electromagnetic waves. 

At that time phys1c1sts d1d not know of any other 
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kinds of waves. So matter waves were indeed some 
sort of new hitherto unknown waves. Utter nonsense, 
said the older physicists with a shrug. 

They were firmly convinced that all possible waves 
had already been discovered. This young Louis de Broglie 
speaks of waves of matter; but are not mechanical 
and electromagnetic waves, waves of matter? Without 
matter there are no waves, in fact there is nothing at 
all! 

True, de Broglie didn't think up a very good name 
for his waves. But what could he do? New things get 
names before scientists have time to understand them 
properly. 

That is exactly what happened to de Broglie. Those 
matter waves of his proved so intricate that physicists 
are still arguing about them. We shall have to take a 
closer look at the de Broglie waves because they are 
the foundation of present-day quantum mechamcs. 

Why Can't We See de Broglie Waves? 

That was probably one of the first questions that 
physicists asked de Broglie. Well, how do we generally 
perceive waves? Not only by means of our sense organs, 
which are a rather poor instrument anyway. The human 
ear perceives sound waves with frequencies between 20 
and 16,000 vibrations per second. These frequencies cor
respond to sound wavelengths in air of about 17 metres 
to 2 centimetres. The human eye reacts to light waves 
of length from 0.4 to 0.8 micron. Those are nature's 
'windows' as far as learmng about waves goes (if, of 
course, we leave out the surface waves of the sea). 

Physicists use special instruments to transform waves 
beyond the human range to lengths that lie within these 
two 'windows'. This greatly extends our possibilities of 
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studymg wave phenomena. Radio receiVIng sets pick 
up and allow us to study radiowaves of the metre and 
centimetre band that come to earth from the depths 
of the universe. Scintillation counters • enable us to 
detect gamma rays emitted by atomic nuclei. These are 
electromagnetic waves millionths of millionths of a mil
limetre long. 

It is now clear that the range of wavelengths that 
have been studied is very great. Why, then, haven't we 
been able to detect the de Broglie waves? 

The point is: How? Mechanical waves (sound waves, 
for instance) metres m length can be detected by the 
ear. But a radio, even when tuned to the given wave
length, cannot detect them. The radio responds only to 
radiowaves. And, lookmg at it from another angle, radio
waves are not perceived by the human ear or any 
other mechanical instrument, even if they are several 
metres in length. 

Each type of receiver responds only to its specific 
type of wave. The ear responds to sound waves, the 
eye to electromagnetic waves. How does one detect de 
Broglie waves, since they don't belong to either class? 
Actually, that is the answer to the question we started 
out with. Later on we will learn more about this. 

We get another answer if we try to determine the 
wavelength of these matter waves. De Broglie obtained 
a relationship connectmg the length of the new waves 
with the mass and velocity of moving bodies. Here's 

• Scmtlllatwn counters use spec1al crystals for reg1stenng 
nuclear part1cles and gamma quanta. When a particle or 
quantum of rad1at10n 1mpmges on such a crystal, a flash, 
or scmtlllatwn, ts em1tted and recorded by senslttve mstru
ments 
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what it looks hke: 

A=_l_1 
mv 

In this relatton, lambda (A.) denotes the de Broghe 
wavelength, and m and v are, respecttvely, the mass 
and velocity of the body; h IS our old fnend, the 
Planck constant. 

Th1s is stgmficant because 1t means that the de Broglie 
waves are of a quantum nature. We shall take up this 
questiOn agam later on. Meanwhtle, let us find out what 
wavelengths correspond, according to de Broghe, to the 
motion of obJects about us. Let us calculate bnefly for 
a planet, a stone and an electron. 

Just a glance will show that these wavelengths should 
be elltremely small, since the numerator is Planck's 
constant, whtch IS ellceedmgly small: 6.6 x w- 17 erg 
per second. 

Let us take the planet earth. It has a mass of 
6 x 1027 grams and a veloctty of orbital motwn about 
the sun roughly 3 x 106 cm/s. Putting these figures m 
the de Broglie relatiOn, we find the length of the earth 
wave to be 

66x 10- 27 

A.- · 3.6 x 10- 1" em 
- 6 X 1027 X 3 X J06 

That IS fantastically small. No ex1sting or foreseeable 
mstruments could record anythmg that small. "T:,here 
JUSt doesn't seem to be any companson to illustrate 
JUSt how very small th1s figure IS. 

Let us see what the wavelength of a stone 1s like. 
Take a stone of 100 grams travelling at a speed of 
100 em a second. From de Broghe's formula we find 

6.6 x w- 2 ' 
A= 100 X 100 = 6.6 X w-31 em 
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Not much better than the earth's de Brogl1e wave
length. Absolutely hopeless of ever bemg detected. It rs 
a milhon, milhon, mrllion times smaller than the atom1c 
nucleus, whrch itself is far beyond the range of any 
microscope. 

Now let us take the electron. It has a mass of about 
w- 27 gram. If an electron begins to move in an 
electric field wrth a potential difference of one volt, rt 
wdl acquire a velocrty of 6 x 107 cenllmetres per second. 
Puttmg these figures mto the de Broglie relatron g1ves 
us 

A 6.6 X 10-27 10-7 
=6-x 107 x 10 21 = em 

This is somethmg qulle d1fferent. 10- 7 em corresponds 
approximately to the wavelengths of X-rays, wh1ch can 
be detected. Thus, m princ1ple, we should be able to 
detect a de Broglie electron wave. 

The Wave is Found 

But how? The de Broghe wave ex1sts m theory and 
there doesn't seem to be any way of detectmg 1t 
instrumentally. But a wave 1s a wave and there must 
be some phenomenon m wh1ch 1t w1ll mamfest Itself 
no matter what 1ts nature. An attempt was made t"o 
catch the de Broglie wave m a d11Tractron expenment. the 
pmnt being that d11Tractron is so completely a wave 
phenomenon. DiffractiOn consists m the fact that when 
a wave encounters some obstacle 1t passes round rt. 
In doing so. the wave 1s slightly deflected from its 
strarght path and moves into the 'shadow' behmd the 
obstacle. 

The driTractron pattern of waves from a round obstacle 
or a round aperture m a screen opaque to waves is 
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X -ray pat/em 

Fig. I 

typically a system of. alternate dark and light rings. 
Such a pattern is seen, for example, when one looks 
at a street lamp through a dusty glass. On frosty nights, 
the moon is surrounded by several light and dark rings: 
the moon light has experienced diffraction on minute 
ice crystals dancing m the air. 

Diffraction is a definite indication of the existence of 
waves. It was precisely the discovery of the diffraction 
of light at the start of the nineteenth century that 
served as a most convincing argument for the wave theory 
of light. 

But the wavelengths of light waves are hundreds and 
even thousands of times greater than those of the de 
Broglie waves of electrons. All the devices constructed 
for producing diffraction of light - slits, screens, dif
fraction gratmgs - were much too crude. The dimensions 
of the obstacles used to observe diffraction of a wave 
must be comparable with or less than the wavelength. 
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Electron diffraction 
pattern 
Fig. 2 

What is possible with light waves, is utterly out of the 
question when dealing with the de Broglie waves. 

By 1924, it was known what objects to use in at
tempts to detect the diffraction of the de Broglie electron 
waves. Twelve years before, the German scientist Laue 
had noticed the diffraction of X-rays on crystals. Laue 
noticed a series of dark and light dots on a photo
graphic plate exposed to X-rays that had passed through 
a crystal. Several years later, Debye and Scherer repeated 
Laue's experiment on small-crystal samples of powders, 
and obtained diffraction rings. In these cases, diffraction 
was possible because the distances between the atoms in 
the crystals (like slits in a 'screen' opaque to X-rays) 
were of the same order of magnitude as the wavelength 
of X-rays: w-s centimetre. 

But the lengths of the de Broghe waves lie precisely 
within this range! Which means that if these waves do 
really exist, then electrons, in passing through a crystal, 
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should produce the same ddTract1on pattern on a photo
graphic plate as X-rays. 

A few years after de Broghe advanced his new concept, 
the American scientists Dav1sson and Germer and the 
Soviet phys1cist P. Tartakovsky venfied it m an experi
ment on the diffraction of electrons by a crystal. 

However, m Itself the analogy between the 'electron 
rays' and X-rays was not enough. The expenment 
requ1red great ingenuity. 

X-rays passed through the crystal almost unimpeded, 
while electrons were totally absorbed m a layer of crystal 
only a fractiOn of a millimetre thick. What was needed, 
therefore, was very thm crystal plates, or metal foils, 
or maybe to work with obstacles and not apertures. 
In th1s case, a beam of electrons was d1rected at a 
small angle to the face of the crystal so that the 
electrons sort of shd along 1t Without gomg deep mto 
the crystal and bouncmg back. As a result, the electrons 
experienced diffraction only on atoms in the outermost 
layers of the crystal. The electrons that had experienced 
d1ffract1on were recorded on photographic plates. • 

Tartakovsky sent a beam of electrons onto a thm 
foil consisting of a mult1tude of minute crystals. The 
exposure was several mmutes long. 

When developed, the photograph exh1b1ted the outhnes 
of real d1ffract1on rmgs. These first plates- worth more 
than the1r we1ght in gold - were sent to the largest 
physical laboratories of the world. There they were 
carefully scrutmized. There was no more doubt. De 
Broglie's bold hypothesis concermng matter waves was 
brilliantly confirmed by experiment. Electrons exh1bit 
the properties of part1cles ,znd the properties of waves! 

• Electrons can fog a photographic plate m the same 
way that v1s1ble hght or X-rays do 
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Two-Faced Particles 

Even before these decisive expenments, scientists were 
trymg to get at the real meamng of the de Broglie 
waves. How was one to understand this dual nature 
m the behaviOur of particles, of electrons? 

In those days, physicists knew what an electron was. 
A very small and very lightweight particle of matter 
carrying a mmute electric charge. For a long time no 
one asked what shape th1s particle had or what oc
curred mside 1t. There was no way of actually observmg 
an electron, to say nothing of trymg to figure out 1ts 
mternal structure. 

But 1f an electron 1s a particle, then 1t obviously 
must have the properties of a part1cle. How could an 
electron have the properties of waves, something so 
utterly different? 

The first attempt to mterpret matter waves was made 
by de Broglie h1mself. It clearly mdicated that when 
physicists first entered the world of the ultrasmall they 
contmued, from hab1t, to work w1th p1ctorial models. 
In the Bohr-Rutherford theory, the atom was like 
a planeraty system m wh1ch the electron planets revolved 
about a sun nucleus, the only difference bemg that, 
unlike planets, electrons could frequently change the1r 
orbits. 

But then came the light quantum, the photon. As 
Emstem had shown, 1t too possessed the properties both 
of waves and of particles. Obv1ously, such a dual obJect 
was beyond any pictonal representation. 

Thus physics was confronted by the first unrepresent
able entity. Now, w1th de Broglie's d1scovery, th1s um
magmableness had to be extended to particles of matter, 
from the tmy electron to enormous astronomical bod1es. 
Th1s was truly somethmg to recml from. 

How could one even 1magme that an electron Oymg 
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at an obstacle would, as a result of diffraction, move 
round and get behind it. No, waves and particles were 
two mutually exclusive entities. A thing was either a 
wave or a particle! 

And yet the de Broglie waves existed. It was not 
'either or' but 'both'. Something had to be done to 
connect the unconnectable. And not for the single specific 
case of a diffractmg electron. If an electron has wave 
properties, then so inevitably do all the objects of our 
world, from the smallest to the biggest. 

De Broglie suggested beginning this unusual synthesis 
with the concept of a pilot wave. 

Pilot Waves 

Let's go back to riding the surf. The rider gets on the 
crest of a high wave that carries him to the shore. The 
wave acts as a pilot. 

De Broglie's idea is that matter waves pilot moving 
particles of matter in a similar fashion. A particle, 
as it were, sits on a wave and moves wherever the 
matter wave carries it. 

The length of this wave, de Broglie says, may be 
very great. At small velocities of motion of an electron, 
the length of the electron wave is many thousands of 
times greater than the electron. As the velocity increases, 
the particle, as it were, pulls the wave into itself, and 
the wave becomes shorter. But even at high velocities 
of motion the length of an electron wave is still greater 
than the 'dimensions' of the electron itself. 

It doesn't exactly matter who leads whom, the 
electron the wave or the wave the electron. The im· 
portant thing is that the wave is connected with 
the electron intimately and for all time. The electron 
wave disappears only when the electron stops. At this 
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instant the denominator in the de Broglie relationship 
becomes zero and the wavelength, infinity. In other 
words, the crest and trough of the wave move so far 
apart that the electron wave ceases to be a 9.'ave. 

The de Broglie p1cture IS quite vivid: an electron 
riding its own wave. But where did the wave come 
from? It exists with the particle even when the latter 
is in motion in an absolute void. Which means that 
the wave is generated only by the particle itself. And 
how does that occur? 

De Broglie's hypothesis has nothing to say on that 
score. Well, maybe the hypothesis can explain what 
interaction there is between a particle and its wave, 
how the wave moves together with the particle, how 
it shares the fate of the particle in the latter's interactions 
with other particles and fields, for example, when 
particles are incident on an obstacle or on a pho
tographic plate. No, the hypothesis does not offer 
any convincing explanation. 

In the search for a way out, de Broglie tried to 
ehminate the particle altogether. Why not imagine the 
wave itself to be the particle? In other words, picture 
the particle as a compact formation of its waves, 
a wave packet, as it was called by physicists. A pack
et was to consist of a small number of rather 
short waves; when two or more packets collide they 
ought to behave like particles - exactly like a short
wave photon when it ejects an electron from a metal. 
But no matter how compact the packet, no matter 
how much it resembles a particle, it consists of 
waves. This surely means that there must be phe
nomena in which it will exhibit its primordial wave 
nature. 

But nature rejected this proposal as well. It turned 
out that no matter how compact the wave packets 
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are, they cannot form a parttcle. Thts ts funda
mentally imposstble. The pomt is that these packets 
raptdly dtsmtegrate m ttme, even in a total vacuum 
In negligtble mtervals of ttme, a packet becomes so 
smeared out m space that the formerly compact 
parttcle ts dtluted to homeopathic proportions. Yet we 
know that parttcles are defimtely stable, there is not 
a trace of any kmd of spreadmg out m time. 

Thts model too had to be gtven up The mecha
mcal combmmg of two such mutually exclustve 
enttttes as waves and parttcles mto a smgle tmage 
was not a success, And 1t couldn't be But that came 
later De Broghe, however, dtd not want to gtve up 
hts 'centaur' wtth the head of a parttcle and the body 
of a wave. 

Two years passed. In the summer of 1927, phystctsts 
from all over the world arnved m Brussels at the 
Solvay Congress at whtch de Broghe's representation 
on the relatJOnshtp between waves and particles was 
resoundmgly reJected. For many years to come, a com
pletely dtfferent representation of this relattonship led 
the way It was presented at the congress by two 
young German physicists, Werner Heisenberg and 
Erwm Schrodmger 

Together or Separately? 

Heisenberg and Schrodmger buned the de Broghe 
conceptions, but spoke m domg so that this deter
mmed the whole subsequent development of quantum 
mechamcs. 

The prmcipal idea of de Broglie concermng waves 
associated with the motion of bodies was qUickly 
taken up by sctenhsts m a number of countries. 
Hardly a year passed after de Broghe's first paper 
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appeared when the German phys1c1st Max Born pro
posed h1s own idea of the de Broglie waves. 

Heisenberg, Born's pupil. who was JUSt begmmng 
h1s career m science, got mterested m the problem. 
De Broghe's research was heatedly d1scussed by another 
group of phys1c1sts that mcluded Schrodmger. 

And then . . . but we won't keep to the chronolo
gical order of events The concludmg ep1sodes of 
a film shown at the begmmng help to understand 
what 1s gomg on and he1ghten the dramat1c effect. 

Recall the expenment that proved the diffraction of 
electrons. In it an electron beam 1mpmged on a crystal 
(or a very thm metal f01l). The electrons of the beam 
expenenced d1ffract1on on the atoms of the crystal and 
1mpmged on a photographic plate foggmg 1t and 
leavmg d1ffraction rings. 

We may now add that the electron beam produced 
by an mcandescent metallic filament was spec1ally 
formed. A d1aphragm w1th a small c1rcular aperture 
was mserted between the source and the crystal. 
As a result. after the electron beam had passed 
through the dmphragm 1t had definite cross-sectional 
dimensiOns. 

What would have happened 1f we had stopped the 
expenment at the very start when there were only. 
say, several tens of electrons? When the photograph
ic plate was developed we would see somethmg hke 
a target peppered w1th shot by an mexpenenced nfleman 
The dark dots correspond to the hits of separate 
electrons distnbuted over the plate qUite at random. 

Contmumg the expenment. we would see a gradually 
emergmg regulanty m places where the electrons strike 
the target After several thousand shots. the plate would 
reveal clearcut dark and hght rings, wh1ch were actually 
detected by sc1ent1sts. 
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This is an interesting fact. Obv1ously, as long as the 
number of electrons participating in diffraction is small, 
no wave properties are exhibited. These properties 
appear only for large numbers of electrons. In other 
words, the wave properties of particles seem to be 
manifested only by large assemblies. 

To find the answer, we experiment again. The same 
experiment with diffraction of electrons but done 
differently. We can take a powerful source of electrons 
and expose a photographic plate for a short time. 
The diffraction pattern will then be formed quickly. 
Or we can take a weak source of electrons and 
lengthen the exposure time. But if in both cases the 
same number of electrons impinge on the plate, 
absolutely identical diffraction patterns will be produced. 

This is very important. In the first case, when 
the electrons experience diffraction on the crystal all 
at once, one can speak of something in the nature 
of an assembly. But in the second case, when the 
electrons impinge on the crystal individually, the con
cept of an assembly is hardly applicable. What kind 
of a team of railway workers would you have if one 
welded one day, another moved a bolt the next day, and 
a third tightened it a month later? 

The pattern is the same when the electrons undergo 
diffraction thousands at a time, and when they do 
it one at a t1me. The conclusion is obvious: each 
of the electrons displays its unusual properties inde
pendently of the others as if no other electrons 
existed at all. 

A Visit to the Shooting Range 

Let's take the target we spoiled. It was produced 
by a small number of electrons. At first glance, it 
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would appear that the electrons 1mpmged on the plate 
utterly at random. 

But there 1s one thmg that attracts our attent1on. 
We measure the aperture m the d1aphragm from wh1ch 
the electrons emerged and project the outhne onto the 
target. It would seem that all the electrons should fit 
ms1de th1s outline, no matter how randomly they had 
fallen on the photographic plate. Actually, however, 
many of the hits are far outs1de the boundary !me. 

And here IS another mterestmg thmg. If we examme 
the target carefully, 1t will be not1ced that the electrons 
do not strike the plate m random fashton at all. 
Even when the number of htts on the target 1s 
small, there are blank places w1th not a smgle h1t 
and there are closely bunched groups of h1ts. If a lme 
is drawn through these places, httle nngs appear. 

True, they are not well defined, but they tmprove 
as the number of electrons stnkmg the plate mcreases. 

Let's play a tnck. Take an ordmary nile target and 
punch holes where the electrons htt the photographic 
plate. Then show the target to a real marksman and 
see what h1s react1on 1s. 

"What a funny way to shoot. Look at all those hits 
m number 10, and not a smgleonein 9or8. Was that done 
on purpose? All m 10, 7, 4 and I?" 

We don't say anythmg, and after a short while 
the ch1ef marksman says, "Nonsense! No one could 
ever shoot up a target that way, no matter how he 
tned. And here's why. If the man IS a begmner, hts htts will 
he at random, more or less evenly d1stnbuted over 
the whole target. The target of an expenenccd marks
man looks qutte dilferent: a lot grouped around the 
bull's eye and JUSt a few m the outer nngs. Let's 
count the total number of h1ts m each nng of the 
target and construct a graph. 
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Fig. 3 

··on one axis we lay off the numbers of the 
nngs (or the d1stance from the bull's eye, wh1ch IS 

the same thmg), on the other. the number of h1ts 
between two nngs. We get a smooth curve downwards 
as we move away to the edges of the target. 

"And now take your target. The graph m th1s case 
w11I osctllate up and down from the centre to the s1des. 
The way 1t descends d1ffers from our curve. 

"In the case of our expenenced marksmen the laws 
of chance hold true. And the curve we get 1s what 
1s known as the curve of random errors, or Gauss1an 
curve. There is somethmg random m your case too. 
But it obeys a different law, qu1te new to shootmg 
ranges." 

Now let's return to our target. 



Waves of Probability 

True enough, the wave-like curve is never encountered 
m shootmg. Electrons are not bullets. A bullet has 
too big a mass for it to exhibit wave properties. 

It was this distribution curve of electron tracks 
on a photographic plate after their reflection from 
the crystal that Born proposed calhng the de Broglie 
wave. 

Wait a minute! What connection is there between 
the 'paper' wave and the real wave? The real wave 
moves w1th the electron, while ours remains on paper: 

However, they are related. The graph of elec
tron hits on the photographic plate is not a figment 
of the 1magmation. It reflects the ex1stence of a real wave 
associated with a movmg electron. But the meamng 
of th1s wave is quite different from that which de Broglie 
gave 1t. 

Classical Newtonian physics says very definitely that 
the electron emergmg from the aperture of the 
diaphragm should move m a straight hne until It hils 
the crystal. Then the electron 1s reflected from an 
atom of the crystal just hke a b11liard ball bounces 
off the side of a table. Finally, the electron moves 
from the crystal to the photographic plate and leaves 
a track on 1t. 

There is no human bemg here With shaking hand 
and tired eye. There is no wind or streams of 
heated a1r commg up from the earth that could 
affect the aiming process. These are ideal conditions, 
and hence the accuracy should be 1deal - all into the 
hull's eye. In other words, the electrons should reproduce 
on the photographic plate an exact outline of the 
aperture in the d1aphragm. If the opening 1s a tmy 
hole, the photograph should reproduce a small dot 
and nothing more. 
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But electrons refuse to follow the classtcal law. 
In place of a small pomt, we have a whole group of 
hght and dark nngs. Thts tsn't due to maccurate 
shootmg. Even tf we suppose it to be the case, the 
electrons would be dtstnbuted according to the Gauss 
law. In reality, however, they scatter according to 
a· 'wave' law, whtch ts qmte different. 

The distnbution curve of electrons on the pho
tographic plate is wave-hke m shape. The same wave
form is exhibited by the intenstty of the dilfractton 
pattern due to hght, and to X-rays, whtch are 
definitely waves. 

Thus, the wave properties of electrons manifest 
themselves m a more subtle manner than de Broghe 
ever imagined. An electron wave is not an atrcraft 
with an electron passenger. It determmes the proba
bihty of an electron tmpmging upon some pomt on 
the photographic plate. A better name for tt would 
therefore be 'probability wave', as Max Born sug
gested. 

Probability Enters into Physics 
In classtcal physics we never come across the term 

probability. The motion of every particle or body 
is constdered to be rigorously and exactly predeter
mined by the forces actmg upon tt. We can predict 
wtth absolute certainty the positton and veloctty of 
a body for any mstant of ttme, a second later or 
a million years hence, tf we know the forces acting 
upon tt and the position of the body at the reference 
ttme from which we start reckomng. 

But then in the mtddle of last century phystcs 
undertook the study of internal motion m gases. It 
was evtdent almost Immediately that one could not apply 

84 



Newton's equat1ons d1rectly to the mot1on of gas 
molecules. 

Judge for yourself Even small volumes of gas 
contain mtlltons upon m1lhons of milhons of molecules. 
Now to g1ve an accurate p1cture of the1r motton would 
requ1re wntmg and solvmg the equations of motion 
of each of the molecules The molecules are never at 
rest, they are constantly colltdmg w1th other mole
cules, bouncmg off some, runmng mto others; and 
these events occur m1lhons of ttmes every second 

It IS preposterous even to 1magme wntmg Newton's 
equations for all the molecules. M1lhons of years 
would be spent m JUSt wntmg down the equat1ons 
More m1lhons of m1lhons of years in solvmg them. 
Meanwhile, of course, all these motwns would have 
long smce been replaced by others 

In the search for a reasonable way out, phys1c1sts 
~aw that they should not be mterested m the motion 
of each md1vidual molecule of gas colhdmg w1th other 
molecules w1th unbehevable rap1d1ty Rather should 
thetr mterest he m the state of the ent1re mass of 
gas· 1ts temperature, dens1ty. pressure and other 
charactenstics. 

There 1s no need to determme the velocities of the 
separate molecules. All charactemttcs of the state of 
the gas should refer to the whole system of molecules 
as an assembly. Now these charactenst1cs are determmed 
mamly by the mean veloc1ty of the gas molecules. 
The h1gher the veloc1ty, the h1gher the temperature. 
If, tn the process, the gas does not change 1ts 
volume, then there Will be an increase m pressure with nse 
m temperature. But to learn these relationships accura
tely, one had to find some way to determine the 
mean velocity of the molecules. Here was where the 
theory of probab1hty came m. 
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It stated: "It is hopeless to think that all the mole
cules of a gas have the same veloc1ty at every 
instant of time. On the contrary, they have different veto
cites and, what is more, the veloc1ttes are constantly 
undergoing change due to colhs10ns. However, despite 
the random nature of these changes in velocity, there 
exists, at every instant of t1me, some mean, stable 
molecular velocity under the g1ven conditions. What 
is random as concerns one molecule becomes a regu
lanty when applied to a large number of molecules. 
Such 1s the probab1hty law of large numbers. And 
the number of molecules m our volumes of gas is 
mdeed large, m fact so large that the law can be 
apphed Without the shghtest hes1tat1on or doubt." 

Phys1cists began to calculate the behaviour of large 
assemblies of molecules statistically, according to the 
laws of probabihty theory. But in one respect they 
did not want to agree with the theory of proba
bility. They maintained that there was no random
ness m molecular mot1on, that every collisiOn, every 
individual motion of a molecule could be descnbed 
by Newtoman laws and that 1f one des1red to solve 
m1lhons of millions of equat1ons, he could express these 
motions With absolute prec1s1on and without any 
kind of mean values. We don't do that, of course; 
but m prmc1ple it could be done! We describe the 
motiOn of a gas by means of probability laws, by the 
laws of stat1sttcs, but underlymg them all are the 
exact laws of Newtonian mechanics. 

Class1cal physics was JUSt a httle too sure of Itself; 
there were simply no grounds for generalizmg Newton's 
laws to the mot1on of ind1vidual molecules. The sub
sequent development of phys1cs proved th1s. Mole
cules are not b1lhard balls. They move and colhde 
and m doing so obey quite d1fferent laws. 
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Cautious Predictions 

These were new laws, laws obeyed by electrons. 
atoms, and molecules. The first to 'rebel' were the 
electrons. They did not want to fit into the framework 
of behaviour of class1cal phys1cs. Instead of h1ttmg 
the photographic plates where they should. they ... 
"used their own free Will and did what they wanted 
to!" shouted some sc1ent1sts shocked by the dis
obedience of electrons. 

Physicists weak m philosophy were easily led astray. 
Since the electron had a 'w1ll of 1ts own', there were 
no laws that it obeyed. a real anarchist. And 1f 
that's the case, why do we need sc1ence. wh1ch seeks 
laws. if there are no laws? God. they reasoned, had 
made the electron (and hence all thmgs in the world) 
free tO behave as It WIShed, exempt from all laws except 
one - the d1vme law of its existence. But science does not 
investigate th1s law, tt grasps 1t by sheer fa1th. Qutte 
a simple matter, you see - from the 'free will' of the 
electron to out-and-out idealism. 

Matenahsts countered by saying that the new laws 
hold where the laws of class1cal physics fa1l 

This was pred1cted by Lenm. Twenty years before 
the t1me \\e are now describing he said that no matter 
what unusual electron properties m1ght be discovered. 
they would mean only one thmg - a deeper and more 
correct understanding of the surroundmg world. 

Electrons refused to follow the Jaws of class1cal 
phys1cs, but they obeyed the laws of the new, quantum, 
mechamcs. 

What kmd of laws were they? F1rst of all, they 
were probab1hty laws. What d1d the hght nngs on 
photographic plates (negatives) m the expenment w1th 
the d1ffractwn of electrons s1gmfy? S1mply that electrons 
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did not strike these places on the plate. Obvwusly, 
the electrons d1d not act of their own free w11l, but 
were restricted m the1r behav1our. 

Then we have the dark rings where most of the 
electron h1ts are made. But not all of the electrons 
1mpmge here. There are certain greyish places between 
the darkest and the hghtest sectwns. A 'mean' number 
of electrons impmge on these portions. We see th1s 
very clearly on the dtstnbut1on curve of hits m our 
shootmg game. 

We now come to the most important thmg. 
An electron leaves 1ts source, passes through the 

d~aphragm, 1s reflected from the crystal and 1s movmg 
towards the photographic plate. Where will it h1t the 
plate'! 

Class1cal physics calculates the angles. distances and 
velocities w1th great accuracy and says "Here" Which 
1s usually not where 1t h1ts at all 

Quantum mechamcs says. ''I don't know exactly, but 
the greatest probab1hty is that 1t wtll hit the dark 
nngs, there is less probability that 1t w1ll h1t the grey 
sectwns, and 1t 1s hardly at all hkely that 1t w1ll 1mpmge 
on the hght nngs." 

Kind of overcautiOUS. And 1t sounds strange for 
a sc1ence that wants to be called 'exact' It doesn't 
even sound hke sc1ence. How much mcer the 'abso
lutely exact' pred1ct1ons of class1cal physics. Yet, 
1f one begms to thmk about 1t, what arrogance m 
such pred1ct1ons, what braggadocio and what •gno
rance too' 

Indeed. what else can we say about a sc1ence which 
has JUSt begun to mvestigate an mfimtely complex 
world and wh1ch hardly knows anythmg about the 
events takmg place m 1t, and at the same t1me 
makes such categoncal statements. 
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But perhaps we are, after all, a httle too stnct 
about class1cal physics In the world of everyday thmgs 
1t does a very good JOb And then agam, 1t had 
no inkhng, unt1l just recently, of such thmgs as quanta, 
the wave properttes of parttcles, and many many other 
startling thmgs 

True enough, every sctence atms at an exact and 
comprehenstve knowledge of the subJect under study. 
That ts obviously the baste atm and motto. But there 
wtll never be a day when everythmg has been learned 
and there ts nothmg more for sctence to do. 

That ts the meanmg of all these cautious predic
tions m science, all these 'posstblcs' and 'probables'. 
To speak of a probabthty means that our knowledge 
about a phenomenon ts not absolutely complete and 
exact. 

One can easily imagine the stlly picture the weath
erman would cut if he satd: "Expect hot weather 
tomorrow, no ram, temperature at 9 AM, 23 8 C; 
at 12·00, 296'C, at 4 PM, 27.4''C. At 13:00 clouds 
wtll appear over such and such an area covenng 
so many square metres dunng so many mmutes 
At 5 PM the clouds w11l move off m a north
easterly dtrectwn at a veloctty of 12 3 km per 
hour." 

There are dozens of factors that enter mto the 
formatwn of the weather. In tts present state, 
meteorology cannot take mto account and descnbe 
wtth exactttude the many factors that make a perfect 
weather forecast. Far from tt' 

So much more d1fficult ts the case of quantum 
mechamcs, which deals wtth the Immeasurably more 
mvolved world of the ullrasmall 
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Waves of Particles and Particles of Waves 

To get back to the de Broglie waves. They deter
rome the motion of electrons. But they determme It 
m a probabilistic manner, not with perfect exacti
tude. In experiments dealing With the diffraction of 
electrons, these waves ind1cate areas of a photo
graphic plate where the electrons will 1mpmge w1th 
the greatest probab1hty. 

But wasn't Max Born mistaken when he took the 
'waves of probability' for the de Broglie waves? Maybe 
the de Broglie waves are something quite different? 
If so. that's easy to check. 

Let us recall the de Broglie relationship. From this 
relatiOn we can see that as the veloc•ty of an electron 
mcrcases, 1ts wavelength should decrease. Physicists 
already knew that the harder the X-rays, the shorter 
thetr wavelength and the more compressed the1r 
diffraction pattern. A study was made of the diffraction 
of electrons having different velocities. And here too, 
a tJghtenmg of the diffraction nngs, as the electron 
velocities mcrease, was established qu1te defimtely 

Now physicists could pass from the wavelength to 
the distance between the nngs of a pattern, and 
v1ce versa. Calculations showed that If one computed 
the length of electron waves from the distance bet
ween rmgs. the result was values that comc•d•:d exactly 
with those found from the de Broghe relatiOnship. 

There was no doubt any longer. The ·probability 
waves' were the same matter waves that de Broghe 
had predicted. And they appear not only when electrons 
are diffracted by crystals. but are umversal. They 
are associated w1th the !liOtJon of electrons and other 
particles of matter at all tJmes 
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But it 1s not always possible to detect them. The 
wavelengths of the de Broglie waves rapidly fall off 
with mcreasing mass and velocity of the particles, and 
lie beyond the sensitivity of our mstruments. Then 
only the corpuscular properties of particles remain. 

Recall our discussion of wave properties. Up to a cer
tam point, waves (for instance, electromagnetic waves) 
do not exh1b1t any corpuscular properties and behave 
as waves should: they experience mterference, diffrac
tion, and so forth. But as soon as their wavelengths 
become small enough, they begin to act like particles 
and are able to knock electrons out of metal. 

The best example IS gamma rays, the shortest of 
all known electromagnetic waves. With what ease they 
dtslodge particles of matter. exhibitmg true corpuscular 
properties. 

De Broglie's discovery umted the world of physical 
phenomena mto a coherent whole, bridgmg the gap 
between two such opposites and, what would appear 
to be mutually exclusive entities, as particles and waves. 
However. though the umty was discovered. there are 
no grounds for thmkmg that the opposites have 
disappeared. 

They lie, as it were, deep w1thm thmgs and deter
mme the bizarre physiognomy of the m1croworld. 
which 1s the world we shall be talking about very 
much from now on. We shall learn about marvellous 
things that are possible in the world of the ultra
small and are very neatly descnbed by 'waves of pro
bability'. 

On the Way to the Wave Law 

These waves describe the motiOn of electrons 
and other particles of the microworld. Now how IS 
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one to understand the word 'descnbe'? A thmg or 
phenomenon may be described both quahtat1vely and 
quant1tat1vely. In ordinary hfe we usually do the 
former When we hear "There'll be ram today", we 
pick up the umbrella and we don't ordmanly ask at 
what altnude the clouds will be. 

But SCience, especially such an exact science as 
physics, is rarely sat1sfied wuh such a quahtat1ve 
descnptwn. F1gures are needed, and exact ones too. 

So far we have descnbed our d1ffract1on pattern 
produced by electrons on a photographic plate mamly 
in a quahtauve fashwn, as alternate dark and hght 
nngs. We can also descnbe it quantitatively, by meas
urmg the degree of darkness at different places on 
the plate and then plottmg a curve, JUSt hke the one 
we made at the shootmg range. 

Now It would seem that we could produce a theory 
about th1s phenomenon and rest at ease. But 1t 
happens that there are other thmgs that require an 
explanation. Sc1ence can't construct theones about 
each one separately 

In fact, therem lies the very strength of modern 
sc1ence: 1t builds theones that embrace hundreds of 
mterlinked phenomena. The best and most powerful 
theones are those that are the broadest and most 
embracmg. 

In phys1cs the construction of new and large theo
nes often begms w1th the search for a smgle Important 
formula It is called the law of motwn. A fam1har 
case IS Newton's second law. which connects the 
acceleratiOn of a body w1th the magnitude and d1rec
t1on of the force actmg on the body. But we don't 
actually see the force and accelerations. all we observe 
is the translation of bod1es in space and t1me under 
the action of forces. It 1s this motion that Newton's 
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law permits us to find. Acceleration 1s change of 
velocity of motiOn m time. And velocity 1s change 
of positiOn of a body in time. So finally Newton's 
law relates a force to the actual translation of a body. 
And so when solvmg Newton's equation we find the 
type of motion of the body. It is expressed as 
a certain curve descnbed by the body in a certam t1me. 
Thts curve 1s called the traJectory. 

There 1s another very general and broad law m 
phys1cs that descnbes not the motton of bodtes but 
the propagation of waves. Mathematically, 1t is wntten 
m the form of the so-called wave equatton, or 
d'Aiembert's equation, after the noted French mathema
tiCian of the 18th century who discovered 1t. 

Netther Newton's nor d'Alembert's equatiOn 1s de
nved from any more general laws. They were not just 
thought up out of the blue, but were dtstilled. 
as 1t were, m a theoretical generalizatiOn of numerous 
expenments and observations made by the predecessors 
of Newton and d'Aiembert. 

A gemus IS not one who stmply contnves thmgs 
out of hts head, rather 1s he one who percetves 
some h1dden force. some Important law m an mtncate 
maze of events, one who shakes that law free from 1ts 
encumbrances, from acc1dentals and msigmficant deta1ls, 
and polishes 1t clean as a compact formulatiOn or 
(as m the exact sctences) a formula The new Jaw IS 

now hke a Jewel of knowledge with elegant hnes and 
bnlhant facets. 

What law was to serve as the cornerstone of the 
edifice of quantum mechamcs? Naturally, for the new 
law of quantum mechamcs to take the place of the 
laws of Newton and d'Alembert m classtcal phystcs 
1t had to be at least as general and broad. What 
is more, thts new law had to descnbe, all by 1tself, 
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the two-faced world of the ultrasmall, supplanting 
the two earlier laws. This single law had to describe 
both the motion of part1cles and the propagation of 
waves! 

No matter what you say, Newton had it easier. 
He had experimental facts galore. whereas here was 
a Situation without a smgle experiment. The year 
was 1925, and almost three years to go before the 
decis1ve experiment on dJifract1on of electrons. The de 
Broghe relationship was there, but all 1t descnbed was 
the wavelength of particles, and nothmg about particle 
mot1on. 

However, theoretical physicists were so convmced that 
they were on the right path that they began the con
structiOn of the new theory Without waiting for any 
expenmental verification of de Broglie's hypothesis. 

Maybe start by changing Newton's equat1on so as 
to include the wave properties of particles? No, 
h1story went differently. Phys1cists, following de Broglie. 
attempted to mod1fy the wave equat1on so that It 

would reflect the corpuscular properties of waves. 
That proved to be Simpler. 

Schrodmger and He1senberg were the first to achieve 
success m th1s respect. The1r approaches were quite 
different. What JS more, one probably d1dn't even know 
what the other was doing. It was only some time 
later, after their papers were published, that Schrodmger 
was able to prove that both solutiOns of the problem 
were phys1cally identical despite the fact that outwardly 
they had nothmg in common. 

Heisenberg invented the so-called matnx form of 
quantum mechanics, which is very mvolved and far 
beyond the scope of th1s book. On the other hand. 
Schrodinger altered the wave equation so that the 
latter took mto account the corpuscular 'taste' of the 
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de Broglie waves. The new equation was called 
Schrodinger's equat1on and 1s the most popular equa
tion of quantum mechantcs. 

Thus the wave law became the basic law of quantum 
mechamcs. 

Measuring Instruments Take over 

Now let's get back to the de Broghe waves. Accor
dmg to the interpretatiOn of Born and the final form 
of the Schrodmger equatwn. these waves mamfest 
themselves. for example, m the wave-like distributiOn 
of electron 1mpacts on a photographic plate. But, 
as we have seen. one needs a lot of electrons to 
produce a clear pattern. 

But of what significance is a de Broglie wave for a single 
electron? We know that too· 1t detlects the electron 
from the class1cal trajectory. Without this detlect1on 
there would not be any dilfractwn pattern at all. 

That would seem to be clear. Yet there is somethmg 
not quite satisfactory. After so much talk about 
the strange world of the ul.trasmall. one rather wants 
the wave properties of the part1cles to be unusual 
tn some way or another. 

Well, let's see what the microworld has to say. 
Suppose we want to take a measurement. We are not 
interested in the spec1fic type of measuring mstrument. 
All it has to do IS to keep tabs on the electrons. measure 
their velocities and' positions in space at every instant 
of time. 

The electron is a very small particle. It requires an 
ultrastrong microscope. Imagine we have created a 
microscope of the nght power. Question number one: 
How are we gomg to carry out the measurement? 
To see an object, we have to illuminate it in some way. 
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The pomt 1s: In what way? The JlluminatJon depends 
on the d1mens10ns of the object. The first condition 
for a clear •mage is that the wavelength of hght be less 
than the dimensions of the object. The ordinary hght 
microscope operates with wavelengths of from 0.4 to 
8.0 m1cron, and therefore produces clear-cut images 
of objects at least about two to three m•crons in s1ze. 

But if we now take something, say of half-micron 
size, the image wJ!l be blurred. When the dimensions 
of the objects are of the same order of magnitude 
as the wavelength of hght, we have a strong diffraction 
of the hght. Instead of a clear 1mage we get a dJITraction 
pattern, wh1ch consists of alternate dark and hght 
bands that reproduce the outlines of the object. 

Now take a still smaller obJeCt. The hght goes past 
Jt as 1f the object d1dn't ex1st at all. 

The electron is not a dust particle nor a bactenum; 
1ts size (later on we shall see that the term size is 
hardly appropnate) Js roughly a thousand milhon times 
smaller than the length of light waves. So how do we 
Illuminate 1t? Luck1ly, there are gamma rays with 
extremely small wavelengths. 

So we take an electron for observation and light 
1t up with a gamma ray, and we see nothing. Just 
nothmg at all - there was an electron and now there 
isn't any. There aren't even any diffraction rings. 

No matter how we try to produce an •mage of an 
electron, we'll never be able to do it. 

The point is that an electron is not a dust part1cle 
and the gamma quantum IS not a photon of light. 
The minute gram of dust has we1ght, and a photon 
carries some energy and, hence, some momentum. 

Where does the photon get its momentum? We know 
that a photon can behave like a particle. This was 
already demonstrated by Einstein in h1s theory of the 

96 



photoelectric effect. Judge for yourself: in empty space a 
photon always has the same velocity, that of light, but 
its wavelength can be different. We apply to the photon 
the de Broglie relation: 

I.= _.!!___ 
mv 

where the velocity v is made equal to the velocity of 
light c. Then we can find the mass of the photon 
(this is naturally the mass of a moving photon; the 
rest mass of a photon is strictly equal to zero): 

h 
m= IC 

Now the momentum of a photon is the product of its 
mass by 1ts velocity: 

h 
p=mc=T 

Now just a little more mathematics. From this formula 
it is readily seen that as the wavelength of the photon 
decreases, the momentum mcreases rapidly. 

When a light photon hits a dust particle, it imparts 
to the latter its momentum and bounces off into the 
optical system of the microscope and il'lto your eye. 
Our particle of dust doesn't even budge. If it was at 
rest, it remains that way; if it was moving, it hardly 
at all changes its direction of motion. 

The electron is something quite different. Its mass is out 
of all comparison with that of a particle of dust; and its 
momentunt is small even for a very fast electron. 
And so we fire a gamma photon at it with a momentum 
almost a thousand million times greater than a photon 
of hght. When a gamma photon collides with an 
electron, forget about images or diffraction rings. The 
electron is knocked right out of the picture, you might say. 

7-70 97 



We're not getting very far, and to make thmgs wor!>c 
we have to deal w1th velocity. Take an electron in 
flight; it is moving in some direction but we can't say 
w1th what velocity. We then Illuminate it with a ~~r:1.na 
photon and the electron changes its speed. Or, say the 
electron has zero veloc1ty, 1t is at rest some place. But 
we can't locate it, because JUSt as we Illuminate 1t the 
electron IS knocked off m some directiOn. 

It was so nice w1th the old microscope. You have 
a dust particle or a bacterium, say, and you know 
all the time where it is and how fast it's movmg. 
But try to locate an electron. We don't know its velocity, 
but if we try to determme 1t, we lose the particle 
altogether. Such are the tncks of the m1croworld. 

The Uncertainty Relation 
What we have JUSt descnbed IS very close to actual 

fact A little calculatiOn with our dust part1cle and 
electron w1ll show this to be true. 

Take a little piece of dust one micron ( w- 4 em) across 
cons1stmg, say, of a substance With a density of tO grams 
per cubic centimetre (just a httle greater than the 
dens1ty of 1ron) and let 1t be movmg m the field of a 
microscope w1th a small veloc1ty of one m1cron per 
second. Then it w11l have a we1ght of w- 11 gram and 
a momentum of w- 15 gram per centimetre per second. 
We throw hght onto 1t having a wavelength of, say, 
half a m1cron (in the visible light spectrum, th1s IS 

green), its photons have momenta of only w- 22 ' which 
1s tens of m1lhons of times less than the momentum 
of our dust particle. It is clear as day that the photon 
1mpacts on the dust parttcle w1ll not produce any effect 
whatsoever. 

Now take the electron. Even 1f its veloctty is close 
to that of light - 1010 cm/s- tt w11l have a momentum 
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of only about w- 17 g · cmfs. The gamma photon used for 
dluminatton has a very short wavelength (say, 
6 x 10- 13 em) and a momentum of 10- 14, which is 
thousands of t1mes that of the electron. So when a 
photon h1ts an electron, it is like a railway train 
smashmg into a baby-carriage. 

By now 1t should be clear that the possibilities of 
measuring instruments 10 the world of the ultrasmall 
are lim1ted, to say the least. They cannot measure 
part1cle motiOns w1th any degree of accuracy. 

What are these 10accuracies, or, better still, uncer
tainties of measurement? The answer 1s given by the 
uncerta10ty relation denved by He1senberg 10 1927 from 
the general laws of quantum mechamcs. Here 1s what 
1t looks hke: 

h 
~X X ~V.x ~-

m 
(Actually, the quant1ty h/2rt stands 10 place of h, but 
that is not sigmficant, smce there is only a s1xfold 
difference between them.) Here, ~x 1s the uncertamty 
measurement of positiOn (the coordmates) of a particle x; 
~v .. 1s the uncerta10ty measurement _of 1ts velocity v .. 
m a direction x; m 1s the mass of the particle. and 
the sign ~ s1gmfies that the product of these uncertamt1es 
cannot be less than the quantity on the nght s1de of 
the relatiOnship. 

Here IS where the strangeness comes m. If we try to 
measure the positiOn of a particle w1th absolute accuracy, 
the uncerta10ty of 1ts coordmate ~x must, of course, 
become zero. But then, by the ngorous laws of 
mathematics, the uncerta10ty of velocity becomes 

7• 

h/m h/m 
~v =--=--=oo 

" ~X 0 
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-or infinity. Which means that the velocity of the 
particle at the instant when its position is being 
measured becomes absolutely indeterminate. Conversely, 
if at some mstant of time we measure the velocity of the 
particle with absolute accuracy, we will have no way of 
saying where the part1cle was located at that instant. 

Then ~at do we do? Perhaps compromise by 
measuring both position and velocity of the electron with 
a certain inaccuracy, which on the whole will not be 
too great? 

Let us see what the inaccuracies are for our dust 
particle and electron. For the former, the quantity on the 
right in Heisenberg's uncertamty relation comes out 
roughly to 10- 15• Now let us take the compromise 
values of uncertainty: ~x = 10- 8 em, ~v .. = 10- 7 cm/s 
(multiplying them together we get, on the right, the 
quantity 10- 15). 

The ratio of ~v .. to v .. is 10- 7 :10- 4 =10- 3, 

which is one-thousandth part. Th1s should satisfy us 
as an uncertainty in velocity measurements; few speedo
meters are capable of greater accuracy. 

Now for the uncertainty in the position of the dust 
particle, ~ x; its riltio to the dimensions of the particle 
is 10- 8 : 10- 4 = 10- 4 , which in one ten-thousandth. This 
inaccuracy corresponds to the dimensions of one atom 
in the dust particle. 

That is why, when we measure velocities and positions 
of dust particles and more mass1ve objects, we never 
even imagine the existence of an uncertainty relationship. 

But the electron offers quite a different picture. Its 
'dimensions' (we again point out that it is not 
exactly correct to speak of the dimensions of an 
electron in the spirit of classical physics, which looks 
on the electron as a charged sphere) are approximately 
10- 13 em across, mass-10- 27 g, and the velocity of 
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a medium-fast electron moving between a potential 
difference of one volt is of the order of 107 centimetres 
per second. The right-hand side of the uncertainty relation 
comes out to about 10. 

There are different ways of constructing this value 
out of the quantities L\ x and L\ v.,. For instance, suppose 
we want to measure the velocity of an electron with the 
same accuracy as we did for the dust particle, or w- 3 

Then our uncertainties will be: L\ v., = 104 cm/s 
(104 : 107 = 10- 3), and L\x = 10- 3 em. The uncertainty 
in the position of the electron will be thousands of 
millions of times ( !) the size of the electron. 

Let us try to get the accuracy in velocity measurement 
up to 100 per cent, wh1ch is the actual velocity. 
As physicists say, this would give the order of the 
quantity being measured. Then L\ v., = 107 and L\ x = 
= 10- 6 centimetre, which is still millions of times the 
size of an electron. 

No, there can be no compromise; the world of the 
ultrasmall doesn't want it. 

What is to Blame, the Instrument 
or the Electron? 

Classical physics never had to deal with dilemmas 
like this. It always considered that the position and 
velocity of any particle at any instant of time could 
be measured with absolute accuracy (at least in principle). 
This lies at the heart of the predictions of particle 
movements on the basis of their positions and velocities 
at some imtial point of time. 

Now we find that even in prmciple there can be no 
talk of absolute accuracy of measurements. Where's the 
trouble? Maybe in the instrument? 

True, no instrument is capable of measuring a quantity 
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With absolute accuracy. We m1ght say that the history 
of the development of measunng techmques has been 
a history of constantly mcreasmg mstrumental accuracy. 
PreciSIOn measurements m many fields of science and 
technology have today reached a fantastically h1gh 
degree, and they are gettmg better all the time. 

But it would seem that the uncertamty relatiOn puts 
a hm1t, an upper lim1t, on the accuracy of mstruments. 

In this situatiOn, Heisenberg (and other physicists 
after him) sa1d that the trouble was m the mstrument. 
The mstrument for the mtcroworld d1ffers from the 
telescope used to stuay the umverse. Both mstruments 
are needed, of course. Our sense organs, wh1ch we use to 
study the world about us, have the1r hm1tatwns. In 
fact, that is what an instrument 1s for: to translate the 
phenomena withm 1ts range mto 'human' terms of feeling. 

But whereas the telescope does not m any way affect 
the motwns of the astronomical bod1es it observes, the 
m1croworld 1s qu1te a different proposition. There, our 
mstrument (let us say our 1deal supermicroscope) mter
feres directly w1th the phenomenon under observatiOn 
and alters its natural course. Moreover, 1t changes 1t to 
such an extent that we have no way of separating out the 
phenomenon m pure form. That 1s what the uncertamty 
relation does, 1t puts an upper hm1t on the 'punty' 
of an observation. 

Other phys1c1sts sa1d: "The troubles he wtth the 
electron." And the1r argument was rather convmcmg. 
The world of the ultrasmall hves accordmg to 1ts 
own laws and, generally speaking, does not require 
measurements for 1ts existence. When we say that an 
electron has wave properties, what does that mean? 

Well, take the oscillation frequency of a pendulum: 
to say that the frequency at a g1ven mstant 1s such 
and such 1s nonsense. To determme the frequency, one 
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has to observe the oscillations of the pendulum for some 
t1me. S1m1larly, one cannot say that the wavelength at 
a g1ven pomt 1s such and such The very meamng of 
wavelength 1s that 1t IS a charactenstlc of a long 
(stnctly speaking, an mfimtely long) senes of waves. 
No matter what the nature of these waves, the1r length 
cannot depend on the pos1t10n of any one point m the 
wave. 

Let us take the de Broghe relatiOn and wnte 1t so 
that we have the veloc1ty of the particle on the left: 

h 
v = mA. 

We Immediately conclude that smce the wavelength A. 
IS mdependent of the pos1t1on of any pomt m the wave 
(for example, the pomt at which we beheve the part1cle 
to be), 1ts veloc1ty cannot be dependent on the pos1tion 
of the part1cle. 

The fa1lure of the instrument 1s due precisely to 
the wave properties of the electron. 

So who 1s right? Those who accuse the mstrument 
of not being able to adJust 1tself to the m1croworld, 
or those who blame the m1croworld as bemg inaccess1ble 
to measurements? 

It appears that both are to blame, but only half 
and half. The truth of the matter IS that the He1senberg 
relation exh1bits the 'gutlt' of both mstrument and 
electron. But that 1s not all 

An Attempt with Rather Faulty Tools 
What do we requ1re of an instrument? ftr';t of all, 

that it should prov1de us w1th the mformatJOn that 
we w1sh to know. An mstrument, of course, has no 
independence whatsoever, it only obeys the human w1l~. 

The mstrument that we w1sh to use to mvest1gate 
the m1croworld has two aspects. or two ends: an 
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input and an output. At the input it deals with 
phenomena that obey quantum laws, at the output it 
releases information recorded in classical 'language', 
for our sense organs don't understand any other language. 

We asked our mstrument to inform us at every 
instant of time about the position and velocity of our 
electron. The instrument says very honestly that he 
cannot do that. It says it can provide information 
about velocities without indicating positions when the 
velocity measurements are made, or about positions, 
but w1th no information provided about velocities at 
that instant. 

If one g1ves it a little thought, it is obvious that 
physicists themselves are to blame more than anyone 
else. They demanded that the instrument report on 
electron velocity versus location, but it turns out that 
these two quantities are not related in any way. 

Therein lies one of the wonders of the microworld, 
one of the manifestations of the wave nature of particles. 
In short, the old classical concepts and quantities that 
physicists had manipulated with ease for hundreds of 
years were no longer any good when dealing with the 
world of the ultrasmall. 

Well, not exactly 'no good'. The concepts remain 
in the microworld as well, but they are in a way 
circumsribed, hmited. The hmits to which they can 
be used are established by the uncertamty relation. 

The electron could be considered a point particle and 
one could say definitely that It had an exact position 
in space 1f it were not intimately associated with a wave. 
The wave, as it were, smears out the position of the 
electron: it can be located at any place of its own wave. 

As a result, for an electron at rest its waves extend 
to infinity, and any attempt to find 1t at any definite 
place must fail. On the other hand, the faster an electron 
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moves, the more accurately it is 'localized' in its 
wave. But even at the very highest velocities of motion 
its 'smearedness' is still many times greater than its 
own 's1ze'. 

Not only the classical concepts of position and velocity 
of an electron are found to be insufficient in the world 
of the ultrasmall. Even time, the energy of particles, 
and many other notions undergo change in this new 
world. 

Why, you may ask, didn't physicists disregard the 
old, classical concepts and quantities that don't function 
normally in the microworld and replace them with 
new ones more in accord with the unusual properties 
of th1s world? 

It is hard, at once, to see just how complicated this 
problem is, for it concerns the very nature of the process 
of human cognition. We shall come back once again to 
this towards the end of the book. For the present, it 
must be said that any change of conceptions and 
notions in physics or in any other branch of science is 
an unusually long, involved and trying process. Many 
thousands of years passed before man's first na"ive ideas 
about the universe, the essence of life, of nonliving 
nature, and the structure of atoms underwent a change. 
One can easily imagine how naive our own conceptions 
will appear to the world hundreds of years hence. 

In our age, human knowledge is advancing at a fantastic 
rate. Still, the process of revealing new worlds, new 
phenomena lags behind, becommg more and more 
difficult and contradictory. As Einstein so aptly put it: 
"A Drama of Ideas". 

That IS exactly what happened when the classical 
concepts were taken into the world of the ultrasmall. 
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Another Marvel 

Kids will JUmp over fences to get mto a cherry orchard. 
And so the owner builds a higher fence. Now what 
does Johnny do? He takes a runmng Jump, or he gets 
a ladder, or chmbs a tree and Jumps over, or ... well, 
there are a lot of way.s. really. Boys today don't beheve 
m fa1ry tales any more. but 1f they dealt w1th the world 
of the ultrasmall they certamly would have to 1magme 
particles gettmg through 'solid' walls! 

Let's take a closer look at th1s business of chmbmg 
or JUmpmg over fences. From school we know that the 
lower a body 1s, the less 1ts potential energy. Standmg 
on the ground, you have less potential energy than when 
s1ttmg on a fence. And we know how much less: this 
quant1ty 1s g1ven by the product of the we1ght of our 
body by the difference m he1ght of the centre of grav1ty 
of the body m the two positions: the difference 1s 
roughly equal to the he1ght of the fence mmus one metre. 

If you find the energy some place, you can get over 
the fence. Th1s can be done by using your own muscles 
or those of your compamons to boost you up. In e1ther 
case, the work done goes to mcrease your potential 
energy and you can get over the fence. 

The rest IS easy. Jumpmg down doesn't requ1re any 
effort. On the contrary, 1t takes some effort to soften the 
descent agamst the force of gravity Now the potential 
energy on the other s1de of the fence has dimm1shed 
to what 1t was before the JUmp upwards. 

If we plot our potential energy as we go over the 
fence, we get a nse In phys1cs th1s IS called a potential 
barrter 

In the atom1c world there are fences of th1s nature. 
For example, a metal contams a mult1tude of almost 
free electrons that are relatively feebly bound to the1r 
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atoms. But, desp1te the1r freedom, no one ever heard 
of electrons leavmg the metal of the1r own free will 
The pomt ts that the electrons are not completely free. 
Though the bond 1s weak, they are still attracted to 
the Jons that thus appear (th1s w1ll be d1scussed in more 
detail m the next chapter). The overall act1on of all the 
tons on all the electrons m a p1ece of metal may be 
p1ctured m the form of a yard cut ofT from the 
outsJde world by a high wall w1th electrons runmng about 
ms1de the yard. 

Electrons m a piece of metal resemble the balls m the 
hole that we d1scussed m connection w1th Bohr's theory. 
lnstde the metal, the electrons move w1th ease, but they 
can no more get out than our balls could leave the hole 
they were m. For th1s reason, the cond1tions under 
whtch the electrons find themselves m a metal are termed 
a potential well. 

Still, such electrons are not really 'chamed' to the 
metal for all t1me. Under certam cond1t1ons they can 
Jump over the fence and get outs1de, as 1t were. For 
mstance, thts occurs when the metal is 1llummated w1th 
light ofsuffictently short wavelength. An energetiC photon 
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can knock an electron right over the potential barrier 
and make the electron really free. This is the conventional, 
classical way of getting over the potential barrier and 
does not really differ from kids climbing over a fence. 

You've probably already noticed that in the case of 
electrons in a metal the barrier ts not exactly like a fence: 
it has a front part but no rear part. It is more like a step 
than a fence. For the ball in the hole, we can make 
a fence by dtgging up the ground around its edges. 
In the case of electrons in a metal, this can be done 
by applying to the piece of metal a strong electric 
field. 

Now both barriers - that of the ball m the hole and 
the electron in metal - are very much alike. However, 
their similarity ends here. 

If we solve the Newton equation for the ball in the 
hole, it will show that the ball will remain there for ever 
if suffictent energy to overcome the barrier is not 
imparted to it. We know that without any equations. 
Balls don't just climb out of holes, neither do boys 
get over fences without jumping. 
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Fig. 6 

Classical mechanics firmly states that the ball will 
never get out of the hole, that the probability of this 
'miracle' is zero, which means complete impossibihty. 

Now if we solve the Schrooinger equation for an 
electron in a metal placed in an electric field, the 
result will be quite unexpected. Here, the probability 
of an electron getting out of the metal is not equal 
to zero and, strictly speaking, never actually becomes 
zero. It is very small, maybe negligibly small, but it 
never vanishes! 

The electrons would seem to be able to seep through 
the potential barrier, as it were, and get to the 
other side, in complete derision of the predictions of 
classical physics. Mysterious forces would seem to have 
cut a tunnel through the barrier to let the electron 
through. Hence the name physicists gave to this amazing 
phenomenon - the tunnel effect. 

The Uncertainty Relation Once Again 

While we wait for quantum mechanics to explain this 
new 'wonder', our measuring instrument has been at 
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work, but the results are very discouraging. We asked 
our mstrument to see how the electron seeps through 
the potential barrier, smce this violates the most 
fundamental laws of classical physics. We wanted to be 
sure that this was nothmg other than theoretical 
nonsense. 

We have already mentiOned that the total energy of 
the ball m the hole IS equal to the sum of Its kmet1c 
and potential energies and IS negative. This IS because 
the potential energy of the ball (which we reckon from 
the top of the hole, that IS, from the highest pomt 
of the potential barrier) IS negative and exceeds (m 
magmtude) the kmet1c energy of the ball. It IS clear 
also that w1thm the hmits of the barner the total 
energy of the ball should remam negative, smce m the 
process of seepmg through It does not change m 
magmtude. But, on the other hand, the potential energy 
decreases until at the uppermost pomt of the barner It 
becomes zero. 

The only conclusion IS that w1thm the hm1ts of the 
barner the kmet1c energy of the ball became negat1ve. 
But what kmd of a quantity IS that? Let us wnte It down: 

E - mv2 
lm- - 2-

The square of the velocity v IS always positive no 
matter what Its sign, the 2 m the denommator IS also 
positive. Which means that the mass of the parttcle m 
IS negative. But negattve mass cannot be grasped or 
imagmed. Just picture to yourself a tram gomg from 
Moscow to Lemngrad, while the cars are movmg away 
from the locomotive, from Lemngrad to Moscow! 

Definite nonsense' And to make sure that it IS, we 
set up an mstrument to watch the electron. The mstrument 
has detected the electron and begun Its observattons. 
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Fig. 7 

Here's what happened. The electron approached the 
boundary of the potential barrier. To catch the electron 
when it IS seepmg through the hamer, 1t is not even 
necessary to fix 1ts location; make sure that 1t 1s located 
somewhere w1thin the hmlls of the barner. 

But that 1s not all The instrument must find out 
the velocity of the electron at that mstant in order 
to determme whether Its kmetic energy mdeed becomes 
negat1ve. Here the instrument is helpless. Only the 
Heisenberg uncertamty relatiOn can save the Situation. 

Now in order to fix the location of an electron w1thm 
the hamer, the electron must be 1llummated by photons 
of short wavelength, because 1t is required to determme 
the pos1t1on of the electron With an accuracy not less 
than the w1dth of the barrier 1tself and this w1dth 
IS small in the world of atoms. But the impact of a 
photon on an electron will mtroduce mto 1ts veloc1ty 
an appreciable uncertainty, wh1ch will be such that the 
uncertamty 1t causes m the kmetic energy of the electron 
will be just enough to get over the h1ghest pomt of 
the hamer. 
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In other words, there is no way of detecting a particle 
in a nonclassical passage under the barrier. In the 
very process of'detecting' it, an energy is imparted to the 
particle sufficient for the latter to jump over the barrier 
in a perfectly lawful and classical manner. Almost like 
a policeman helping a criminal cover up evidence. 

The foregoing is typical of many things that occur 
m the world of the ultrasmall. From the viewpoint of 
classical physics, quantum mechanics can assert the most 
fantastic things. And it is fundamentally impossible to 
prove the falsity of these assertions by the use of classical 
mstruments. Don't look for the particle under the barrier, 
you won't find it. The very concept of a particle inside 
a potential barner is JUSt as nonsens1cal in quantum 
mechanics as in classical physics. 

Yet the particle gets through the barrier! The clue 
to this mystery lies, in the final analysis, in the wave 
properties of the electron and of the other particles 
of the microworld. 

Matter Waves Again 

As we have already seen, these wave properties result 
in the particle velocities ceasing to depend on the 
positions of the particles. There are no trajectories in 
the world of the ultrasmall. But the position of a particle 
affects its potential energy, and the velocity, Jts kinetic 
energy. 

And so, strictly speaking, it is impossible at one and 
the same time to measure accurately both the kinetic 
and potential energies of a particle. They are independent 
of each other at any given instant. Within the limits of 
applicability of these classical concepts, energies in the 
atomtc world are given by the uncertainty relation. 

All this means that a particle in a potential well has 
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a certain probability of getting outside the well, all by 
itself. Which means also that there is a probability that 
the particle will remam in the well. If, say, we have 
a thousand electrons and ten of them get through the 
barrier, then the probability of the tunnel effect is 1 per 
cent, and the probability of no tunnel effect is 99 per cent. 

These probabilities are called, respectively, the penetra
bility and the reflecting power of the potential barrier. 

Penetrability, or transparency, and reOecting power 
are familiar terms. They describe substances with 
respect to the passage of light waves. At the interface 
of two different substances, light always partially passes 
into the second medium, and is partly reflected. And 
isn't the potential barrier a boundary between two media? 
Simply not for electromagnetic (including light) waves, 
but for the de Broglie waves. 

This 1s a very profound analogy. The laws of the 
tunnel effect coinc1de remarkably with the laws of reflec
tion and transmission of light waves between the boun
daries of different substances. 

The fact that we chose a fence, i. e., something of 
a definite width, for our barrier is not accidental. 
If this barrier has only a front wall, like the step of 
a staircase, the tunnel effect disappears completely. 
Particles cannot construct tunnels in infinitely long 
(though very low) barriers. Here the prohibition of 
classical physics is complete. 

Indeed, our measuring instrument would be able to 
celebrate something like a victory: it would be possible 
to establish the location of a particle under the barrier 
(if it got there) with complete assurance, no matter how 
great the uncertainty in the measurement of its position. 
Which means that the uncertainty relation would yield 
the exact speed and, hence, kinetic energy of the 
particle. This energy would then definitely be negative. 
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But nature will not contradict itself. Negative kinetic 
energy is an tmpossibdtty. And so the tunnel effect 
dtsappears. 

Yet, some readers may not be convinced by the 
foregoing explanation. Can tt be that everything we've 
said is just abstract theoretical thmking? Well, judge 
for yourself. Electrons leave a heated metallic filament 
in large numbers - the thermal energy ts suffictent for 
them to get over the hamer at the boundary of the 
metal, though this will never happen in the case of 
a cold metal. 

But put this piece of metal mto a strong electnc 
field and there will again be a flood of electrons out 
of tt. This ts called cold emtssion and marvellously 
corroborates the fact that the tunnel effect is no 
fictional fancy of theoretical phystctsts. 

The VVave Function 
Equations are not formed for the fun of 1t, but to 

solve. And Schrodmger's equation ts no exception. 
Equat10ns are sometimes s1mple, sometimes mvolved. 
Schrodinger's equation 1s defimtely complicated. It is 
known as a second-order parttal differential equation. 
To explam what all thts means, IS much beyond the 
scope of thts book. Suffice 1t to say that equations 
of th1s kmd are used, for example, to descnbe quantities 
that vary in space and in time. 

The unknown quantity m these equatiOns may be 
d1sgutsed in all sorts of ways: it may be the form of 
the surface of a liqu1d in a vessel, the coordinates 
of a satellite in outer space, the strength of a rad1o signal 
movmg from transmitter to recetver, the cutting speed 
of a machine tool, and many other things. The 
solution of such an equation y1elds directly the 
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dependence of the sought-for quantity on other quantities 
of interest to scientists. Mathematicians use the term 
function to describe all of these relationships. 

The unknown quantity in the SchrOdinger equatiOn 
is called the wave function. Its exact meanmg is still 
not clear to scientists despite the fact that thousands 
of elegant calculations have been made with it. We have 
already said that scientists are stdl arguing 
about it. 

However, there is one thing that they all seem to be 
agreed upon, that is that the square of the wave 
function has the meaning of probability. Its dependence 
on the coordinates and time yields the probability of 
findmg a particle at some place at a given time. More 
precisely: the probability that a particle may be detected 
in a given place at some time due to the action that It 
performs there. For example, due to its mteraction 
with our measunng instrument. This probability is the 
'wave of probability' that we descnbed in the expenment 
of diffraction of electrons. 

To solve the Schrodmger equation in the general 
case is an exceedingly difficult problem, even when we use 
the most refined methods of modern mathematics. But 
there is a broad range of phenomena that make this 
solution easy. The so-called stationary problems m which 
the desired wave function only oscillates about a definite 
'mean' form while the form itself does not vary in time. 

It is quite easy to see that such problems do not 
refer to processes (nonperiod1c, of course). In processes, 
something is directed and varies in time. StatiOnary 
problems refer to the structure of systems in which 
processes can occur. It is very Important to know 
the structure, smce one cannot say anything about 
a process unless he knows under what conditiOns 1t 
occurs. 
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In the world of the ultrasmall, the elements of these 
conditions consist of nuclei, atoms, molecules, crystals, 
and many other things. We know that they all have 
a remarkably stable structure. The stationary Schrod
ingerequation was first applied precisely to such elements. 
Most interesting results were obtained. We shall discuss 
them in the next chapter. 

Waves and Quanta are United 
Stationary problems in quantum mechanics have yet 

another remarkable property. To understand it, we recall 
that the uncertainty relation embraces not only, say, the 
position and velocity of a particle, but also its total 
energy and the time. 

In the latter case, the Heisenberg relation states 
that the longer a measurement is made, the more accurate 
will be the resulting energy of the part1cle. The form of 
this relation is very similar to that given earlier: 

~Ex~t~h 

(again, in place of h it is more correct to write h/2n). 
Here, ~ E is the uncertainty in the energy E of the 
particle, and ~ t is the uncertainty as to the instant 
of time t at which the particle had the exact energy E. 
The sign ~ means that the product of these uncertainties 
cannot be less than h, Planck's constant. 

Now stationary means that the energy of a particle 
does not vary with time. In principle therefore we 
could measure for ever. Here, the indeterminacy of 
the time of measurement does not play any part. 

So we calmly put ~ t = oo. But then, by the rules 
of mathematics, 
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Fig. 8 

which means that the uncertainty in measuring energy 
is equal to zero. In other words, under stationary 
conditions, the energy of a particle is determined with 
absolute exactitude. This is the remarkable circumstance 
that we just mentioned. 

In the Schrodinger equation, the magnitude of this 
energy is a very active participant. As long as E is 
positive (and this, as we recall, corresponds to the free 
motion of a particle), Schrodinger's equation has 
a nonvanishing solution for all values of E. 

And this means that the square of the solution (the 
probability) is likewise nonzero for all values of E. 
Translated into ordinary language, this means that 
a free particle has the right to have any energy and 
any velocity of motion (which, naturally, can never 
exceed that of light) and be located at any place in 
space. 

Now when E becomes negative (this, as we recall 
agam, corresponds to the bound state of a particle; 
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for instance, the ball in the hole, an electron in an 
atom), the solutiOn of the equation changes radically. 
It appears that it does not vanish only for certam 
specific values of the energy E. 

These values of E are called allowed energy levels 
of the particle. Take a look at the figure. The prob
abtlity of the existence of a part1cle is nearly everywhere 
close to zero, with the exception of states m which 
It has allowed energy. Here, the probability is noticeably 
different from zero. Physicists have termed th1s Situation 
the discreteness of energy levels. 

Now take a closer look. Doesn't this picture in some 
way resemble the allowed energy levels of the Bohr 
model of the atom? It certamly does. What IS more, 
it is the selfsame thing. The electron orbits of Bohr are 
the very same energy states m which the probability 
of an electron being there is substantially different from 
zero! 

Bohr simply conjectured these orbits, but he was not 
able to prove why they should exist. It is quantum 
mechamcs that shpped the foundatiOn under h1s 
hypotheSIS. 

Quantum mechamcs also substantiates Bohr's second 
postulate concermng the quantum nature of electron 
jumps m atoms. As can be seen from the Schrodmger 
equation, an electron m an atom can ex1st only m 
states of allowed energy. Which means that when 
transitions are made from one state to another, the 
energy does not change at random but in very 
spec1fic quantities. It is s1mply equal to the energy 
ddference between the states of a jump or transi
tion. 

Th1s energy difference 1s prec1sely the Planck quantum 
that initiated the new phys1cs! Quantum mechamcs 
united two bnlhant hypotheses - that of Planck on 
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energy quanta and that of de Broghe on matter waves
and demonstrated their intimate interrelationship. 

Without the de Broglie waves there would be no Planck 
quanta! 

Thus it was that these two nvulets merged into 
a mighty stream of new knowledge. Let us follow 
this broadening river and see what new landscapes 
open up. 



Atoms, molecules, 
crystals 

Clouds in Place of Orbits 

Hardly any other branch of physics has known 
such rapid developments as quantum mechanics. In 
something like five years following the birth of de 
Broglie's ideas, the methods and mathematical appara
tus of quantum mechanics were worked out m every 
essential detail, results of great scientific value were 
obtained, and far-reaching attempts were made to assi
milate these results. 

By 1928, quantum mechanics was already a towering 
edifice, a fully established, mature science with a di
versified foundation and a nicely proportioned super
structure substantiated in no less degree than classJcal 
mechanics. It took two hundred years for classical 
mechanics to reach this stage of perfection, and only 
five years for quantum mechamcs. Such was the pace 
of the twentieth century! 

And like a mountam torrent that breaks through 
a dam and then peaceably spreads out over the 
countryside, so quantum mechamcs, after five years of 
tempestuous development, settled down. Development 
became more even as it drew into its sphere of 
act1on new groups of phenomena, mastering them and 
mterpreting them afresh. 
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The first gain of quantum mechanics was the atom. 
The new physics, under Planck and Bohr, began 
w1th the atom. The atom was the first object of 
mterest to quantum mechanics. 

Its first job was to reconsider the structure of the 
atom in its new light. Bohr introduced the concept 
of electron orbits. This, as we now know, was an 
inconsistent step and savoured of classical physics. 
Quantum mechanics does not deal in orbits, it rejects 
them outr1ght. An orbit is actually a trajectory of 
motion of an electron in an atom, while quantum 
mechanics quite nghtly maintains that the conception 
of particle trajectories in the microworld is meaning
less. 

What supplants the orbits then? Distributions 
of the probability of an electron being located at some 
place m the atom. We already know that the total 
energy of an electron m an atom 1s determined by its 
distance from the nucleus. The set of allowed energies 
corresponds to the set of perm1tted distances from 
the nucleus. 

Yet somehow we feel reluctant to give up the 
orbits completely, they make It so easy to visualize 
the atom. Quantum mechanics says: "All right, 1f you 
like orbits, keep them. Draw a line through those 
points where the probability of an electron with given 
allowed energy is greatest. Consider th1s line to be 
your orbit. But never forget that your electron 
is not a point; its own wave smears it out, so that 
your orbit 1s actually a fiction." 

0. K., we thank the quantum people and draw 
our orbits. We are happy about our elegant system 
of curves. Then a quantum man adds: "You know 
what makes these orb1ts mteresting? They are such 
that an mtegral number of the electron de Broglie 
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waves fit exactly onto each one of them. The first 
orb1t, closest to the nucleus, accommodates one wave, 
the second, two waves, the thtrd, three waves, and 
so forth" 

Th1s is mdeed very interestmg and serves as new 
proof of the umversality of the de Broghe waves. 

But then a quantum man says: "Your pictorial 
orb1ts are pretty good. But don't get overenthu
siastic, because they JUSt do not ex1st. Instead of an 
electron m orb1t, try to p1cture to yourself a 'cloud 
of probab1hty'. Wh1ch 1s exactly what the electron m 
the atom 1s. The cloud 1s denser where there IS more 
probab1hty of the electron ex1stmg, and more rarefied 
or transparent where the probab1hty 1s lower Take 
a look at the photographs of these clouds." 

Photographs? So they d1d finally succeed m catchmg 
these elusive electrons after all? Well, not exactly: 
there IS no way of gettmg around the uncertamty 
relat1on These are not photographs of atoms, but 
of spec1al smoke models wh1ch are outwardly s1mtlar 
to the dens1ty d1stnbut10n of 'clouds of probab1lity' 
of atom1c electrons. 

In these pictures we see that the electron clouds 
have d1tferent shapes. Some of them are sphencal, 
others are oblong, c1gar-hke Th1s d1vers1ty IS due to 
the fact that the electron energ1es m atoms depend 
not only on the distance from the nucleus. 

lnc1dentally, this 1s true of the s1mplest of atoms, 
the hydrogen atom, where there 1s only one electron 
m the field of 1ts nucleus. The1r mteract1on is that of 
two charged parttcles of oppos1te s1gn but of the same 
magmtude. 

Th1s mteract1on 1s descnbed by the Coulomb law 
The energy of the mteract1on 1s dependent solely 
on the d1stance between the electron and the nucleus 
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Fig. 9 

It IS clear. then, why the electron cloud of the 
hydrogen atom IS sphencal tn shape: all potnts of the 
surface of a sphere are at the same distance from the 
centre, wh1ch m our case IS the nucleus. Therefore. 
all potnts of the electron cloud correspond to the same 
electron energy. 

But when there are more electrons tn the atom. 
the p1cture of electrical mteractions among them and 
also w1th the nucleus ceases to be so pnmit1ve as m 
the hydrogen atom. The electrons now are not only 
attracted to the nucleus but are repulsed by each 
other 
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Naturally, in the multielectron family of a complex 
atom, all the electrons are particularly attracted to the 
centre of the family- the nucleus- although they 
quarrel among themselves. Nature very wisely plays 
on these strained relations and brings order into 
atomic families. 

Just what this order is like we can see in the 
photographs. The electron clouds have very intricate 
shapes, which penetrate each other in involved ways. 
If we could put this picture into three dimensions 
and colour the different parts differently, we would 
stand in wonder before the marvellous colorations. 
Yes, quite unlike the prim picture of electron orbits. 

Monotony in Diversity 

It may be pleasing to the eye, but it IS no mean 
job to figure out where one cloud begins and where 
the other ends in this maze of electrons. 

Let us look into the workshop of the 'atomic 
architect'- nature- and see how it constructs such 
miniature marvels at these colourful tough structures 
called atoms. 

The matenal of construction m the hands of nature 
consists of electrons and nuclei. The cement that 
keeps them together is also known: the attractive 
force of the electrons to the oppositely charged nucleus. 

The first thing to catch our attentiOn in the 
workshop of our architect is a huge sheet- the Perio
dic Table of elements of Mendeleyev. To date, 104 squa
res have been filled, 104 chemical elements are known. 

These are the blueprints that nature uses to turn 
out the myriad atomic structures of the umverse. 
Over a hundred blueprints! 

They look different only at first glance. Natu.re Is 
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more economical than the most rationalizing architect. 
First of all, let us figure out the bas1c principle 

which the atomic architect applies in placing his 
bricks into the edifice of the atom. This principle 
was discovered by the Austrian scientist Wolfgang 
Pauli during the formative years of quantum mechanics 
and was named in h1s honour. 

It is applicable both to atoms and to many other 
assemblies of particles of the microworld. The Pauh 
principle states: in any assembly of microparticles, 
each state of allowed energy can be occupied by 
no more than one part1cle. 

True, it was found later on that this principle is 
not absolutely universal, and that for certain types 
of microparticles it does not hold. We will not talk 
about the exceptiOns, but w1ll only say that as applied 
to electrons, no matter what kind of assemblies they 
form, the law never breaks down. 

Here, the electron assembly is the atom. Another 
atom forms a different assembly. But in all the atoms 
of a given chemical element the electron families are 
absolutely identical. 

Another Marvel- But as Yet Unexplained 

We will have to digress for a moment to talk 
about the spin of an electron. The meaning of spin 
will be discussed later on, but one thing has to be 
sa1d, and that is that spin IS incomprehensible from the 
standpoint of classical physics. The discoverers of 
spin naively believed that Jt meant the rotation proper 
of the electron. 

The earth revolves about the sun and 1t also 
rotates on 1ts axis. The electron revolves round the 
nucleus and it can also rotate on its axis. 
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Fig. 10 
Exh1b1t10n of proJects of an atom1c arch1tect 

That IS clear. 1sn't 1t? Now forget 1t. 
Does the electron revolve about the nucleus? Defim

tely no The motton of an electron m an atom 1s much 
more comphcated. To p1cture 1t m the 'class1cal' sense 
of revolutiOn 1s to hand out a completely dis
torted v1ew of actual thmgs 

Does the electron rotate on 1ts ax1s? Nothmg could 
be farther from the truth Just try to figure out what 
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the 'axis' of an electron could be. Quantum mechanics 
views the electron not as a sphere but as a pomt. • 
The 'ax1s' of a pomt has no meaning. Then add to 
that the 'rotation' of a pomt about Itself or on 
1tself! That we certainly can't stomach. 

The trouble we seem to have got ourselves mto 
now is that there is no way to v1suahze this spm. 
True, we never got a very satisfying picture of the 
particle wave (electron) and the wave particle (photon) 
either 

The existence of spm m an atomic electron makes 
itself known from the fact that to the angular 
momentum (moment of momentum) of the electron, 
which the latter has m 1ts motion m the atom about 
the atomic nucleus, we add a certam quant1ty that 
belongs to the mot1on proper of the electron. In other 
words, this quantity has nothmg to do w1th the 
electron being near the nucleus or far away m a 
semifree state m a piece of metal, or practically one 
hundred per cent free m the v01d of interstellar space. 
The spin of an electron 1s always the same and 1s 
always associated with the electron. 

It appears that the spin of an electron in an atom 
can e1ther be added to the angular momentum of the 
electron (wh1ch corresponds to electron mot10n about 
the nucleus) or subtracted from 1t. We can express 
thts 1dea m other words· both values of the total 
angular momentum of an electron correspond, as tt 
were, to oppostte proper mot10ns of the electron, 
which actually do not m any way ditfer one from 
the other. The word 'actually' here has a very exact 

• Wh1ch 1s not exactly true e1ther, the reader wJII have 
to wa1t till the next chapter for a better explanation. 
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meaning: both these motions have the same energy in 
an atom not affected by any external forces. 

As a result, each level of allowed energy in the 
atom may be occupied by two electrons (instead of 
one) with spins directed in opposite senses. 

The Atomic Architect at Work 

Now let us take a closer look at the workshop 
of our atomic archttect and his dtsplay of blueprints 
(Fig. 10). 

Blueprint No. I. The hydrogen atom. We pass it 
up as being too simple, which is funny, seeing that 
it took science centuries to understand that simp
hcity. 

Blueprint No. 2. The helium atom. This one 
doesn't appear to be very interesting either. We have 
just found out that each electron cloud may be formed 
by two electrons. This would suggest that the helium 
atom is not very different from the hydrogen atom. A mo
del bears this out. The electron cloud is twice as dense 
and closer to the nucleus, that is all. There are two 
electrons in place of one. 

In the lithmm atom (Blueprint No. 3) we notice 
the formation of a second spherical electron cloud 
contaming within it the first one of helium. Whtch 
is natural because the Pauli principle does not allow 
more than two electrons in one atomic energy 'flat'. 

The second tenant in the second-storey flat appears 
in the atom following lithmm - beryllium. So far the 
atomic house is filling up in orderly fashion. 

Now we come to Bluepnnt No. 5, boron. This 
was a tough nut for our atomic architect. First of 
all, he had to save space in the atomic house and 
so place his new electron tenant so that he would 
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not come 10to contact very often w1th the other tenants. 
Atom1c tenants, you recall, don't ltke each other, they 
expenence mutual repulsion. They all try to move m 
oppos1te d1recuons 

The solut1on of our atom1c architect was truly 
modermst1c: he knocked a flat nght through all the 
stones of the atom1c house and put the fifth tenant 
10 Obvwusly he was sat1sfied because 10 the next 
blueprint (the carbon atom) he added another tenant 
to th1s vert1cal-hke flat. 

The follow10g four blueprints don't have anyth10g 
new. Two new 10terstorey flats at 120 degrees apart 
were added to the first one. 

That's how nature filled its small atom1c house 
w1th quarrelsome tenants. The Important thing 1s that 
they don't fight, wh1ch 1s very essent1al 1f the house 
IS to stand. And 1t must stand. 

The meamng of the forego10g is a general pnn
Ciple followed by nature 10 the constructiOn of atoms. 
Th1s 1s a pnnc1ple of the best d1stnbut1on of energy. 

The mutual repuls1on of electrons should greatly 
10crease the potential energy of an atom. But 10 nature 
a structure IS more stable 1f the potential energy IS 
low. Falltng off a chair IS no fun, but on the floor 
you are more stable. no potentJal energy. 

There 1s JUSt such a stnvmg towards stabll1ty 10 
the world of atoms. The stablest atom IS the one w1th 
the least possible potential energy. In work10g out the 
atom1c bluepr10ts, nature spent qUJte some effort to 
overcome the mutual ant1path1es of the electrons by 
deftly attract10g them to the nucleus. 

So far the energy pnnc1ple in afoms has to do only 
w1th the intricate internal layout of atom1c structures. 
But that is not all There is a still more fanciful 
d1stnbution of ltvmg quarters in th1s atom1c bUJldmg 

9-70 129 



Crazy Atoms 

So far we have dealt with two baste pnnctples 
of the structure and filhng-m of atomtc bUJldmgs: 
the Pauli princtple and the pnnctple of best energy 
dtstribution. 

How does the wave nature of electrons mamfest 
ttselt1 Well, lirst of all, m place of electron orbits 
we have charged clouds of probabthty. But that ts not 
all. The de Broghe waves m an atom have yet another 
property. They determme the 'capactty' of atomtc struc
tures. 

Recall that a feature of electron clouds ts that they 
accommodate a whole number of de Broghe waves. 
It turns out that thts number determmes not only the 
'number' of the earher orbit but also the density of 
the electron cloud formed by all the electrons whose 
clouds accommodate one and the same number of 
thetr de Broghe waves 

To this 'umted' electron cloud (we already reahze 
that tt conststs of a number of patrS of clouds) 
phystcists gave the rather mapt name 'shell'. Quantum 
mechamcs established also the relatJOnshtp between 
the capactty of the shell (that 1s, the largest poss1ble 
number of electrons that tt can accommodate, N) and 
the senal number of the shell, which IS the number of 
electron waves that fit mto 1t, n Th1s relation
ship has a very stmple form: 

N = 2n2 • 

Thus, the first shell (called K) accommodates 
2 x J2 = 2 electrons, the second shell (called L), 
2 x 22 = 8 electrons, the thtrd (M), 2 x 32 = 18 elec
trons. the fourth (N), 2 x 42 = 32 electrons. the fifth 
(0), 2 x 52= 50 electrons. and so forth 
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Remember these numbers. Now let us go back to 
atomtc architecture. We see that the first to fill up IS 

the smallest shell of lowest capactty. the K-shell. It is 
already completely filled in the atom of helium. Actu
ally, this shell is one storey with one flat for two. 

The next shell 1s more complicated. It occupies 
not only the second storey, but has three mterstorey 
flats, each With two aptece. The end of the filling 
comes in the atom of neon (Blueprint No 10), which 
occupies the tenth· square in the Penodic Table of 
elements. 

The th1rd shell accommodates 18 occupants. It fills 
up to argon (No. 18) in the same fashton as the 
precedmg shell. The first to fill m 1s the third storey, 
and then three interstorey flats. But in the element 
after argon, potassium, this strict order breaks down. 

Here, five mterstorey flats have to be filled, but the 
layout is d1fferent. Unhke the first three, these are 
narrower and more elongated. The new tenant refuses 
to take up such an mconvenient flat, and demands 
better hving condittons. 

Finally the arch1tect puts him m a new flat on the 
fourth floor. And to keep htm comfort, another 
electron is added m the next atom of calcmm. 

Th1s certamly is a pnnc1ple of the best energy 
distributton. The pomt IS that 1f an electron takes up 
res1dence m the next storey wh1le the lower storey 
is not yet completely filled, the result is a more stable 
atom. The potential energy of repuls1on of the electrons 
in such an atom 1s less. 

But then nature goes back to the old system. In 
mne atoms, from scandmm (No. 21) to copper (No. 29), 
the new tenants are stuck into those long. narrow 
and uncomfortable flats. 

These atoms With flats being taken upstairs and 
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empty flats downstairs have acquired a number of 
unusual properties. They are called 'anomalous', and 
w1ll be putting in an appearance now and then 

Stnctly speaking, the third shell should fill up 
completely in the case of mckel (No. 28). But since 
nature starts on the next shell before finishmg up the 
preceding one, the th1rd shell 1s completely filled 
only m the case of zmc (No. 30). 

There IS no Improvement later on e1ther. A shell 
doesn't get filled up completely before the succeeding 
one starts up. What happened m the scandiUm-to-copper 
group is repeated m the group of atoms from yttrium 
(No. 39) to palladium (No 46), and from lanthanum 
(No. 57) to ytterbiUm (No. 70). From then on, all 
the atoms right up to the last one (104) have defec
tive, so to speak, tenancy rules, where even two or three 
shells await lodgers. The next chapter w1ll tell us 
why they never get their full complement of elect· 
rons. 

There may seem to be some lack of symmetry 
here but energy-w1se 1t IS the best way. 

Thus 1t appears that the wave law wh1ch deter
mmes the populatiOn and order of setthng atomic 
structures is not all-powerful. Th1s law is frequently 
modified by a no less 1mportant and powerful law of 
the stabihty of atom1c structures. 

Atoms and Chemistry 

Let us fimsh our excurston mto the workshop of 
the atom1c architect with a good look at the Penod1c 
Table of elements. 

On the left are seven penods. 2 in the first, 8 in the 
second, 8 agam in the third, 18 m the fourth and 
fifth, 32 in the s1xth (these include the rare earths. 
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the lanthamdes, at the bottom of the Table), and 17 m 
the seventh (the reasons for this w1ll, as we have sa1d, 
be given in the next chapter). 

Now let us go back to the figures that describe the 
capac1ty of the electron shells: 2, 8, 18, 32, etc. 
They are the same as m the Table. But then why are 
some of the numbers repeated: 2, 8, 8, 18, 18, 32 (for 
the t1me being we disregard the last period). The 
repeatmg numbers, it turns out, are the result of those 
very breaks m the order m wh1ch the electrons 
fill m the atom. And so the thud penod ends with 
argon (No. 18) instead of mckel (No. 28). From then 
on, this shift (and other sh1fts due to violations of 
the filling sequence) continues to the very end of the 
Penodic Table 

As a result, we don't get an exact and s1mple 
correspondence between the shells and the penods. 
But the capacity of any period does not exceed the 
capacity of its corresponding shells. Thus the quantum 
picture gives a good account of one important feature 
of the Penodic System of elements. 

Now take a look at the top of the Table. Here 
we have Groups from I to VIII and then 0. From school 
chem1stry we would say that they represent valence 

Stnctly speakmg, th1s is not exact. F1rst, these are 
not simply valences, but valences With respect to 
fluonne (or, as some say, with respect to hydrogen). 
Secondly, what 1s valence? 

In school we were taught that valence represents 
the number of atoms that an element. ... Today th1s 
pnmit1ve understanding belongs to descript1ve che
mistry w1th 1ts liqu1ds poured mto test-tubes and 
heated on Bunsen burners. Theoretical chemistry has 
long smce rece1ved a physical foundatiOn. 

Valence- more correctly, valence w1th respect to 
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fluorme - represents the number of electrons in the 
outermost shell of the atom, the one farthest from the 
nucleus. In this definition, valence coinc1des w1th the 
number of the group, With the exception of the last 
two columns of the Periodic Table. It would be more 
correct to put VIII over the last column and the 
numbers 0, I and 2 over the second to the last one. 
There are some very sohd grounds for domg this. 

Another question is: Why does the outermost shell 
of an atom never have more than eight electrons? 
Th1s immediately becomes clear when we recall the order 
of distribution of 'livmg space' in atoms. The first shell 
accommodates only 2 electrons, the second, 8; the 
third should have 18, but the build-up stops for a time 
at argon when there are 8 electrons. After this the 
outermost shell became number four, and the third 
shell (now an inner one) begins to fill up. The same 
happens to the fourth shell, and so on. 

As soon as the outer shell has accommodated eight 
electrons, any further addition of electrons is disad
vantageous. But then a new shell appears and the 
unfilled one goes deeper into the atom. Now we 
don't care whether it ever gets filled to a complete 
complement of electrons because only the outermost 
shell of the atom determines its chemical properties. 

Thus there are eight poss1ble types of chemical 
behaviour of atoms in accord with the number of 
electrons in their outer shell. Before going any further, 
it is necessary to pomt out that a completely filled 
eight-electron shell has a much smaller potential energy 
than 1f it had empty or sem1empty 'flats' in it. Which 
means that an atom with such a shell is extra-stable, 
chemically stable as well. 

Atoms with full outer complements of electrons in their 
shells are 'noble' to such an extent that they eschew 

134 



all contacts With the ordinary rank and file atoms. Whence 
their name: noble, or inert. They make up the last 
column m the Penod1c Table. 

The 'anstocrats' of the atomic world move about 
among the 'common people', who try to copy them 
in every way. The 'common' atoms make every attempt 
to fill up their outermost shell to the eight-electron 
set. 

Since they are not able to do that by themselves, 
they are on the constant look-out for partners This 
results m what chemists call a reaction. Really, 
it is a kmd of self-sacnfice: one gives up his attire to 
the other and remams stark naked. Though not exactly, 
and what is more, It refers only to atoms that come 
after neon. 

By way of illustration, let us take a reaction 
between sodium and chlorine, which leads to the 
formatiOn of sodiUm chlonde, a molecule of NaCI. 
The sodiUm atom has an extra smgle electron in its 
third shell. The chlorine atom has a handsome set 
of seven electrons in its outer shell. The sodium 
graciously sacrifices Its sole electron and chlonne 
then achieves a 'noble' eight-electron outer shell. 

But sodiUm has gained as well. It now exhibits 
a full complement of eight electrons of the noble gas 
neon. Two of the 'common people' become two 
'anstocrats' at one shot, but only If they go together 
as a smgle molecule. 

Atoms can, as we see, be divided into givers and 
takers. Those with less than four electrons in their 
outer shell are givers. Those With more than four are 
takers. Naturally, It IS easier to acquire two electrons, 
say, than to g1ve up six (that, by the way, is the Situation 
in the case of the oxygen atom). 

In Group IV we find a number of 'lazy bones'. With 
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four electrons m the outer shell, they don't know what 
to do, they vacillate. . . . And they got the name 
amphotenc, whtch means partly one and partly the 
other. These elements are capable of almost any kmd of 
chemical behavtour. 

Now in Group VIII we find our 'crazy' atoms 
They shouldn't actually be there at all, for they 
have only one or two electrons at the most m their 
outer shell. The point ts that the underlying shell 
exerts a substanttal and extremely complex effect on 
the behaviour of the electrons of the outer shell: 
these atoms are capable of the most unpredtctable 
things. For instance, they have a vanable valence, 
one in one reactton and qUtte a dtlferent one m 
another They come m Group VIII stmply because 
thetr highest valence wtth respect to oxygen can 
be 8, whtch means that each such atom can attach four 
oxygen atoms to itself. 

But don't thmk that the other 'crazy' atoms htdmg 
m other squares of the Penodic Table behave any 
better. Not m the least. The tncks they play are 
JUSt hke those of thetr companions from Group VIII. 

Mendeleyev's Table of elements does not reflect 
thts, and one shouldn't expect tt to, for the Table 
was devtsed at a ttme when nobody knew how the 
atom was constructed. Sctenttsts today are not m 
a hurry to alter the Table for there ts sttll a great 
deal that we do not understand m the behaviour 
of the anomalous elements. When everything gets 
stratghtened out, then ... 

The Birth of a Spectrum 

Now that we have seen the atom m the new hght 
of quantum mechanics we can learn about how tt radtates. 
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We recall that the Bohr theory explained the ongm 
of atomic spectra but could not give a correct 
descnption of spectral laws. It was the JOb of quantum 
mechanics to fill out the picture m detaiL 

In accounting for the origin of spectra, quantum 
mechamcs fundamentally agrees with Bohr's theory. 
In the Jumps of atomic electrons from one energy 
state to another, the difference of these energies is 
embodied as a quantum of electromagnetic energy, 
the photon. ThiS IS not all, however. 

From where to where does the electron JUmp? 
As long as there were electron orbits, this was easy 
to VIsualize from one orbit or set of tracks, as 
It were, to another orbit, another set of tracks. 
If the energy dJmimshes, a photon IS born. If the 
energy mcreases, a photon or a quantum of energy 
of any other field has been absorbed JUSt before 
the jump. 

But quantum mechamcs replaced the orbits With 
electron clouds. Now It IS no easy thing to picture 
the transition of electrons. We have to conceive it as 
an Instantaneous change m the shape and attitude of 
the electron cloud m the atom. The emission or 
absorption of a photon shakes up the atomic 'Jelly', 
producmg a new overall form. 

Quantum mechamcs reJected the p1ctonal aspect for 
descnbing electron JUmps, but acquired a new quality, 
that of probability. In Bohr's theory, an electron JUmp 
from orbit to orbit Is always possible, and the 
probability of such a Jump IS m no way dependent 
on the kmd of orbit. This IS where the theory fails. 

Quantum mechamcs demonstrates that this IS an erro
neous conclusion Electron jumps have a probability 
that IS very appreciably dependent on the shape of the 
electron clouds that correspond to the electron pnor 
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to and after the Jump. In th1s situation. the probabi
lity of a jump is, roughly speakmg, greater for a strong
er overlapping or a deeper interpenetration of these 
clouds. 

Figuratively speaking, an electron can jump into 
another state hke a passenger can cross from one movmg 
train to another when one comes up alongside the 
other. So, to push the analogy nght to the end, the 
passenger must have energy enough for the jump, 
the trams must be s1de by side. the longer the trains 
(that is, the greater the range of space they will 
be together) and the closer they are together. the 
easier it wdl be for the passenger to make the tran
sition. 

Something qUJte sJmliar occurs m the atom. Here, 
the 'trams' are in the form of electron clouds, which, 
we know, can be in d1verse shapes, sphencal, cJgar
like and others. 

Stud1es of the shapes of electron clouds yield rather 
s1mple (simple as far as words are concerned) rela
tiOnships. Two spherical clouds with a common centre 
(the atom1c nucleus) y1eld a very slight Interpene
tration; we have every nght to say that they don't 
even come m contact. Wh1ch means that there can be 
no electron jump between the correspondmg states. 
Now put a c1gar in a sphere; the thicker and shorter 
the c1gar, the more they interpenetrate. Two cigars 
can intersect too, but the calculatiOns are more mvol
ved. One thing is clear, though, and that is that the short 
th1ck and narrow long c1gars mterpenetrate to greater 
depths than the sphere and narrow c1gar. 

Accordingly, we get the probabiht1es of electron JUmps 
from a sphencal cloud tnto an elongated one or between 
two elongated clouds. The laws that d1vide electron 
transitions m atoms into more probable and less pro-
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bable have become known tn quantum mechamcs as 
selection rules. 

The quantum men have formulated these rules very 
strictly: some jumps are allowed and others are for
bidden, being less probable. But nature does not obey 
this prohibition. 

The selection rules are more or less carefully obser
ved in the light atoms where there are few elect
rons, so that their clouds mtersect rather infrequently. 
But in the heavy. multielectron atoms with their terrible 
confusion of clouds, the restrictions or prohibitions of 
quantum mechanics largely break down. 

It is in this jumping of electrons in the fanciful 
and rapidly changing tremors of electron clouds that 
photons are born. The photons enter a spectro
scope, get sorted out into types and produce the spect
ral hnes of all the colours of the rambow. The more 
photons an atom emits in a second, the brighter 
the hnes. 

And if the number of atoms remains constant. 
the bnghtness of the spectral lines can depend only 
on one thing - the frequency of electron JUmps in atoms. 
And this frequency, as we already know. is determined 
by the probability of JUmps. D1fferent clouds have 
different probab1hties, some greater. some practi
cally mi. 

To every photon energy and spectral line there cor
responds a probability and a bnghtness. That is how 
an atomic spectrum cons1stmg of a number of lines of 
different brightness IS generated. 

It is easy to descr1be this in words, but very diffi
cult to calculate the penetration of electron clouds and, 
on that basis, to compute the probabilities of electron 
jumps. Yet quantum mechanics solved this problem 
brilliantly and attained excellent agreement with the 
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observed spectra. The edifice of spectroscopy IS now 
definitely on a gramte foundation. 

Fat Lines and Double Lines 

It would seem that the spectroscope people should 
now at long last be satisfied. But that's not what hap
pened. The techmque of spectral analysis developed ra
pidly and the mstruments became more powerful and 
sensitive. Then spectroscopists came up with two new 
queries for theoreticians. 

Does a photon correspond to a line of one frequency, 
to one wavelength? Yes, but then why do the hnes on 
the photographic plate of a spectroscope come out 
rather broadened, not slender? 

Before quantum mechanics appeared, physicists could 
have racked their brams over this naive question for 
years. Now, only a b1t of thinking was necessary. This 
was due to the wave properties of the electron with 
their constant attnbute, the uncertamty relations. 

We have already said that an electron in an atom 
has a very definite energy. So where do the uncertain
ties come in? The initial energy IS definite, the final 
energy IS also definite; their difference, wh1ch corres
ponds to the energy of the photon, must also be an 
absolutely exact quantity! 

However, there is a little hitch here. We recall that 
the exact energy levels refer to stat1onary states of the 
electrons (otherwise called steady states) which never 
change. Now an electron JUmp is a violatiOn of some 
steady state. As soon as this occurs, the Heisenberg 
relatiOn takes over. 

What is the lifetime of an electron between JUmps? 
It varies, so let us designate 1t as llt. Now from the 
formula on page 116 we Immediately get the uncertainty 
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of photon energy: 

h 
dE- Lfr 

Whence, using Planck's formula for energy quanta, it 
is easy to pass on to uncertainty in the frequency of 
the photon. It turns out to be very simply related to 
the ttme of 'settled hfe' of the electron tn the atom: 

dW- _l_ 
dt 

In other words, the more 'settled' and qu1escent the 
life of an electron m an atom, the narrower the spectral 
hnes (smce these lines refer to transttions to other 
states), and v1ce versa. That 1s why at high tempera
tures and pressures, when many of the atomtc electrons 
are on the go, the spectral lines broaden out and be
come smeared. 

The second question was connected with the fact 
that many spectral hnes, wh1ch 1t would seem correspond 
to a smgle wavelength, actually turned out to be the 
states of a number of very close-lying hnes. Th1s fine 
structure of spectral hnes was revealed only because 
of recent advances m spectral techmques. 

So electron JUmps between the same states could 
give nse to photons w1th different (even ever so 
slightly) energ1es. So 1t was only a boast that phys1c1sts 
could g1ve exact determmat10ns of the energy of an 
electron m an atom. 

Physictsts reJected th1s susplcton w1th md1gnatton, 
but for thts they had to conjure up spm. Spm was 
dtscovered prec1sely because of these 'fine quaht1es' m 
spectra. 

It turns out that when spectra are generated. the 
common state of two electrons w1th oppos1te spins 1s 
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not exactly 'common'. It would take us too far afield 
here to describe the intricate interrelations of the 
angular momentum and spin of an electron; some of 
this story wrll be told later on. But we can say that 
this IS the reason why electrons with different spins have 
slightly different energies. Whence the doubling of the 
spectral lines: in place of one I me we have twm lines 
with identical brightnesses. 

True, such twms are usually born only when the 
outer electron shell has one electron. If the number 
of electrons in this shell mcreases, we have triplets and 
quadruplets and even bigger famihes of the former 
spectral line. In the atomic world, unhke the human 
family, this Is very common. 

That is how quantum mechamcs answered two 
difficult questiOns of the spectroscope men. 

That completes our story about atoms. From now 
on we Will deal with the lives of atomic families -
molecules and whole atomrc armies m the form of 
crystals. 

Atoms Get Married 
Remember how the common atoms tried to Imitate the 

aristocratiC atoms of the inert elements. The rich clothes 
were shared in palfS. At times, three, four and even 
more partners participated. 

From a distance this trick came off all nght. A whole 
molecule was sometimes able to pass through a crowd 
of atoms JUSt as unperturbed as the atom of an 
mert element. But at close hand, the cheating was 
evident. 

Instead of atoms, the molecule contams overdressed 
and underdressed bodies called negative and positive 
Ions. In the redistribution of electron clothes, the atom 
w1th garments taken from a partner won't let go of it 
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Fig. II 

And the underdressed compamon is not eager to be left 
alone. This tie-up goes by the sc1ent1fic term ionic 
molecule. The adhesive forces m such molecules are 
mainly the forces of ordinary electric attractiOn between 
ions w1th different charges. So far quantum mechanics 
has hardly anythmg to do. 

There is a great d1vers11y of 1onic molecules. Here, 
atoms from the left-hand side of the Periodic Table 
get married to atoms from the right-hand s1de. The 
farther away they are m the Table, the more closely 
knit IS the family. And when the atoms come from 
close-lying groups m the Table, the marriage is not very 
strong. 

But there 1s just as large a group of molecules 
whose atoms marry for quite d1fferent reasons. The 
simplest family of this kind 1s the hydrogen molecule. 
In this class of molecules. come all the smgle-element 
molecules (for mstance, molecules of oxygen, nitrogen, 
chlonne) and also the molecules whose atoms all 
belong either to the left-hand side or the right-hand side 
of Mendeleyev's Table. These molecules came to be 
known as covalent 

Here quantum mechanics had to be called in to 
account for their existence. lmagme a hydrogen atom 
coming up to another hydrogen atom. L1ke the 
bachelors they are, they envy those who have famihes, 
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and the first says: "G1ve me your clothes and we'll 
form a molecule." 

To wh1ch the other retorts proudly, ''I have JUSt 
as much nght to offer you the same." 

"Then maybe we ought to exchange clothes?" 
'"But where will that get us? Our clothes are exactly 

the same." 
Meanwh1le, our atom1c architect who has been 

listemng to the conversatiOn steps m With a suggestiOn 
(he is now bUJidmg molecules mstead of atoms): 
''You might as well pool your resources, smce you'll 
never be able to produce an anstocratic e1ght-electron 
smt. You haven't got enough matenal. Let one electron 
hve in one atom for a while. and then in the atom 
of his partner for a while, and the other can do the 
same." 

"But that won't help," they cry m umson, "we've 
already proposed exchangmg electrons " 

"There you're m1staken. You forgot that there will 
be times when one atom w1ll have the two electrons, 
and the other won't have any Then you'll look hke 
two differently charged 1ons. Whereas m the wmc 
molecule one atom g1ves up electrons and the other 
acqmres electrons so that the atoms m It are almost 
all the t1me iomzed, m your case there w1ll only be an 
exchange of electrons. Fmt, one w1ll be surrounded 
by electrons and the other w1ll be naked, then the other 
way around." 

"And how often will we have to exchange electrons?" 
ask the atoms, already g1vmg m. 

'"Rather frequently," says the architect. "If I used the 
'semiclassical' language of Bohr, I'd say that after 
each s1xth orb1t the electron of one atom would 
have to go over to the other. We'd get something 
hke a figure e1ght " 
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Fig. 12 

Fig. 13 

"'All nght, let's try," sa1d the atoms. 
And the result was a good strong family. It was 

only quantum mechan1cs that could figure out th1s 
legerdemame of nature. Quite nghtly, the quantum 
men called th1s mteract10n. of 1dent1cal atoms that lead 
to the formatiOn of molecules ·exchange mteract1on'. 
Class1cal phys1cs would never have been able to thmk 
up anythmg ltke that. 

Here's how quantum mechamcs p1ctures th1s exchange 
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of electrons. As long as the atoms are some dtstance 
apart, their electron clouds hardly at all overlap. 
But when the atoms come close enough, the considerable 
mutual mterpenetratton of the electron clouds make 
percepttble the probability of an electron of each of the 
atoms findmg itself near the nucleus of the partner 
atom, wh1ch amounts to a probability of exchange. 

What is thts probabthty? About 15 per cent for 
the hydrogen molecule. Put otherwise, dunng 10 mmutes 
of each hour both electrons come together m a smgle 
atom of hydrogen, whtle the other atom has none. 

Is th1s enough to bond the atoms firmly into a 
molecule? It 1s, say the calculations earned out by the 
Enghsh scientists Heitler and London by means of 
quantum mechamcs. True enough, the theory here is in 
excellent agreement wtth expenment. 

In the world of molecules, th1s teammg up of 
'nch' and ·poor' atoms v1a exchange of electrons IS 
very common. 

For example, the nitrogen atom (No 7) has only 
seven electrons. Two m the mner shell do not partiCipate 
10 exchange actions. But 10 the outer shells 5 electrons 
are marned off to other atoms. 

The next atom following mtrogen IS oxygen, wh1ch 
has stx electrons for exchange purposes m each atom 
These form a molecule of ordmary two-atomic oxygen 
(F1g. 12). In three-atomic oxygen (ozone), a umon of 18 
electrons 1s formed. And to Slmphfy the exchange, the 
three form a triangle to cut down the distance the 
electrons have to cover These three atoms toss the1r 
electrons about like a nng of players m volleyball 
practice (F1g. 13). 

Th1s molecular structure no longer resembles the 
architecture of the constituent atoms. And the flats 
together w1th the dJstnbutJOn of tenants d11fer too. 
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All of which makes the properties of molecules 
qmte different from those of the atoms they are 
made up of. 

Solid Bodies are Really Solid! 

A turn of the path bnngs us to a new landscape, 
one whtch we are most accustomed to: the solid 
thmgs everywhere about us. Famthar thmgs all, but 
possessing secrets and mystenes that sttll flout science. 

By the turn of the century, phystcs had already 
accumulated considerable matenal on the properties 
of sohds. We know that sohds come m crystalline 
and amorphous form, that they conduct heat and 
electricity in a vanety of ways, and the transmission 
of light and sound is dtfferent too. Yet solid-state 
phystcs, as 1t 1s called, has great difficulty in accountmg 
for any of these properties. 

Yet this 1s very important. for rapidly advancing 
technologies are makmg use t'f ne\' .. n.olund matenals. 
The demands are so gre<tt that arttlic~al Jn<ttenals are 
pressed mto service. 

We need materials that possess great hardness, 
electncal conductiVIty, heat resistance and many other 
properttes. Where do we get them? One way IS by 
combmmg all known materials and familiar methods 
of workmg them, a sort of alchemy. There IS another 
way but It requires the use of quantum mechamcs. 

Agam, m just a few years, a breakthrough. In the 
beginnmg, the attempt was made to comprehend the 
structure of crystals, primanly the crystals of metals. 

Crystals are indeed the best thing to start with. 
A crystal ts an ordered penodic distribution of atoms 
m space in a lattice-like configuration. Unlike the 
ordinary latttce with 1ts two dimensions, this one has 
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three dimensions. In a lattice, the atoms of the 
crystal are located at constant distances: this is called 
lattice spacing. In the general case, there are three 
spacings in accord with the three dimensions of the 
lattice: length, width and height. 

Pure elements are not common in nature, we more 
often encounter their compounds. The lattices of such 
crystals are made up of several types of atoms. 
A simple case is the ice crystal which has hydrogen 
and oxygen atoms; here, in accord with the formula 
for water, the number of hydrogen atoms is twice 
that of oxygen atoms. 

Another case is the latttce of crystals of sodtum 
chloride, NaCI. At the intersectiOns of the elements 
of the lattice (called nodes) we find tons of sodtum 
that alternate with wns of chlonne. Note that these 
are ions and not atoms. It is very important that 
when molecules of salt 'freeze into' a sohd body the 
ionic nature of their atomic bonds is retained. 

But as such the molecule ceases to extst. It cannot 
be tsolated. Indeed, each sodium ton ts surrounded 
by ions of chlorine, and each chlorine ton ts surrounded 
by sodtum ions. Go and try to find the old molecule! 

In a crystal hke this, the forces acting between 
tons are ordmary electncal forces. A sodium ton 
attracts chlorine tons m the immediate vtcimty, those 
in turn attract other sodutm tons, but repulse adJaCent 
chlorine tons. The result of this interplay of forces 
of attraction and repulston is a certam equtlib
rium m the ion configuration. Thts ts the crystal 
latttce. 

Thts arrangement ts indeed m equthbnum and stable. 
If one ion gets knocked out of position, tts attractive 
force towards tons of a dtlferent kind ts diminished, 
but tts own ions repulse tt m9re strongly. The 
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combined action of these forces compel the ion to 
return to its ongmal position. 

Strictly speakmg, an ion is all the ttme in oscillation 
about its stable positiOn due to the random knocks of 
thermal motion, like a sphere attached to a system of 
spnngs. The thermal vibrations of 1ons in a lattice 
determine many 1mportant properties of solids. 

As in the case of iomc molecules, quantum mechanics 
hasn't much to do with ionic crystals. But then 
phys1cs turns to metalhc crystals, the most important 
in modern technology. Here the situatiOn is quite 
different. Suppose that the ent1re latt1ce ts made up 
of a single metal, that is, of atoms of one kind. Quite 
naturally there w1ll be no d1fference in the charge of 
the ions. If one atom readily gives up an electron, why 
shouldn't all the rest do the same? 

Maybe that IS the case? Quantum mechanics recalls 
the ~ecent victory over the hydrogen molecule. What 
if the metallic crystal is mdeed a g1gant1c covalent 
molecule consistmg of many millions upon millions upon 
milhons of atoms? 

Th1s mgemous idea proved correct. Nature was not 
so mvent1ve and d1dn't come up w1th anythmg. The 
tnck with electron exchange between two atoms came 
off right and so nature extended the experiment to 
more numerous electron assemblies. 

Still and all, it IS indeed not so easy and simple. 
Solid bodies w1ll have opportunities enough to show 
that they are tough nuts to crack, even for quantum 
mechanics. 

Skeletons and Multistorey Structures of Crystals 

When the atoms of metals join to form crystals, 
they do actually make their outermost (valence) electrons 
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common to all. This results 10 a sort of skeleton 
architecture of the crystals. At the latt1ce nodes are 
slow-mov10g ions surround~d by a light and mobile 
common cloud of electrons. Th1s cloud plays the part 
of cement holding together hostile similarly charged 
ions. In turn, the ions are the adhes1ve that keeps the 
electrons from flying off in all directions. 

We have already had occasion to say that the 
electrons in a metal are 'almost' free. S10ce every atom 
makes its contribution to the common weal, each 
electron ceases to belong to some one atom and 1s 
simply one of the millions upon milhons upon milhons 
of other servants of all the atoms. Such an electron 
1s free to wander about m the crystal, a microscopic 
F1garo. True, not all electrons are so free. Each of the 
atoms gives up only one or two of 1ts outermost 
electrons, the rest are held firmly 10 place with10 the 
atom. Even so the army of free electrons IS colossal: 
J022 to JQ23 in every cub1c centimetre of metal. 

If one may say so, a metalhc crystal has a better 
'socJal' orgamzation than an Jomc crystal, where we find 
somethmg hke slavery with all the electrons cha10ed in 
the1r atoms. Metal IS closer to feudahsm: the owner 
lets h1s serfs out a b1t to earn rent. Th1s Improvement 
Immediately gave the metal new propert1es and the 
opportumty to conduct electnc current. 

If an ordmary electnc field 1s apphed to an JODIC 
crystal, there will only be a shght red1stnbullon w1th 
the electron clouds m the1r atoms somewhat elongated. 
This w1ll result m what 1s known as electnc polanzat1on 
of the crystal. Not a smgle electron w1ll get away 
from 1ts 10n, and the 1ons themselves w1ll. as before, 
remam firmly anchored at the1r nodes. And smce there 
are no free earners of charge, there Will be no electnc 
current. lome crystals are msulators. 
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Forbidden band 

Fig. 14 

Now in metals there are simply oodles of electrons 
ready to carry charges and produce a good electnc 
current. 

But where do the semiconductors come m? We'll 
find a place for them a little later on. 

For the present we shall examme an Important fact 
wh1ch was estabhshed by quantum mechanics for metals. 
The question 1s: What kmd of energies do the 'collective
hke' electrons m the metal have? The answer 1s 
Simple: electrons no longer ued to their atoms should. 
1t would seem, be able to have all kmds of energy. 
As we recall, m the case of free electrons the quantum 
nature of the1r energy levels disappears. 

But let's not hurry w1th this conclusion. True, the 
electrons have left their atoms, but they haven't left 
the p1ece of metal. They no longer obey atomic laws 
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but there are general rules for the metal as a whole 
that govern the behavtour not of some one electron 
but of the whole electromc ensemble. 

About these laws. You recall that the atomic laws 
were found from solvmg Schrodmger's equatton. So m 
the search for the rules of conduct of electrons in a metal 
(metalltc crystals) physictsts did the same. They solved 
the Schrodmger equation for electron motion m a 
periodic electnc field of posittve ions spaced at regular 
mtervals at the nodes of the crystal lattice of a metal. 

A shght dtgresston is in place here. Up ttl! now, 
when speakmg of the effect of one atom on another 
close by, we have always had m vtew the external, 
as it were, mantfestattOns. Atoms attracted one another 
and formed molecules. 

But what, meanwhile, ts happemng mstde the atoms 
themselves? It turns out that the electron clouds alter 
thetr configurattons. Thts was dtscovered by the German 
physictst Stark before quantum mechamcs had fully 
developed. Stark found that when a strong electnc 
field is apphed to a substance, the lmes tn the emission 
spectrum are split. 

Thts sphttmg has nothmg at all to do wtth the 
twin hnes we dtscussed earlier. Yet there ts somethtng 
tn common, whtch was demonstrated by quantum 
mechantcs The sphtttng of spectral lines corresponds to 
a sphttmg tn the energy levels of the atomtc electrons. 

To summanze, then, an electnc field applied to an 
atom breaks up the energy levels of tts electrons. 
The actton of the electnc field of an atom that has 
approached close enough to another atom (the field 
tn thts case ts quite substanttal) does not differ in any 
essenttal respects from what we have described. 

True enough, when a molecule is formed, the energy 
levels correspondmg to the constttuent atoms disappear 
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Fig. IS 

They break up, intermiX, and sh1ft up and down the 
energy scale to produce so-called molecular levels of 
energy, which now correspond to the ent1re molecule. 

But what relates to a molecule 1s more clearly 
expressed for a crystal where there are so many atoms 
packed close together repeatmg th1s packmg throughout 
the crystal. Actually, a crystal IS s1mply a g1gant1c 
'frozen' molecule. 

The joint electnc field of all the atoms of the 
'molecule' spltts up the energy levels of each one of 
them mto an enormous number of very closely lymg 
sublevels. The d1screteness and d1sttnctness of the 
perm1tted energy levels of the outer electrons vamsh 
almost completely. It would seem therefore that an 
electron m a crystal can have any energy it w1shes. 

Then a remarkable thmg happened. Take a look at 
the drawmg (F1g. 14) The conclusion we have just 
drawn about an electron having any energy 1t wants is 

153 



fulfilled, but w1th one very essential except1on. The blank 
bands indicate energ1es wh1ch electrons m a metal 
cannot have. To these energies there corresponds a zero 
wave funct1on and, accordmgly, a zero probability of an 
electron finding 1tself in such a state. These blank white 
bands of energy were termed forb1dden zones, or bands. 

And even m the cross-hatched, so-called permitted 
bands, an electron is not allowed to have JUSt any 
energy. If we could reproduce the actual p1cture on 
paper, we would see that there are separate energy 
levels m these bands as well. But each band has so many 
of them (recall the stupendous numbers of electrons 
in every cub1c cent1metre of metal) that they s1mply 
merge mto a contmuous sequence. 

Now about how the electrons res1de on these levels 
Not any wh1ch way, like b1rds on w1res. The Pauh 
prmc1ple doesn't allow that. Th1s stnct mspector watches 
JUSt as carefully in the metal as he does m the atom. 
Only two electrons are allowed on each energy level 
of the perm1tted zone of a metal, states the Pauh 
principle. There 1s plenty of place, and more than 
enough levels of energy. There 1s always a lot of extra 
'hvmg space' 10 a metal. Under normal cond1t1ons, 
all the electrons of a metal can settle m the lowest 
permitted zone, on the ground floor. 

Under th1s 1s a 'basement', as 1t were. w1th all the 
noncollectiVIZed electrons wh1ch belong to the IOdlvldual 
atoms and not to the atoms of the metal as a whole. 
The basement 1s not msulated a1r-t1ght from the ground 
floor, there 1s a ladder between them. It cons1sts of a 
smg/e rung equal m he1ght to the tirst forb1dden band. 
If knocked hard enough. an electron can be boosted 
from the basement to the ground floor. But 1t 1s not 
allowed to get stuck 10 the forb1dden band due to 
lack of energy. 
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To the energy basement physicists gave the name 
valence zone, or valence band. And all the allowed 
bands of energy are called by the generic name 
conduction bands. The ongin of these terms 1s clear: the 
basement IS mhabited by some of the outer electrons 
that determine the valence (though these electrons are not 
yet free), while the ground floor and the upper stones 
are inhabited by electrons that participate in the 
conduction of electricity. 

Insulators Can Conduct Current! 

Insulators, of course, keep all the1r electrons in the 
basement. Under ordmary conditions, their conduction 
band is empty, the first forbidden band is too broad 
for any of the electrons to find the energy needed to 
JUmp across it. But when the msulator 1s heated 
properly, the oscillation energy of its 1ons at the lattice 
nodes becomes very great. Th1s energy can be imparted 
to the electrons which occasiOnally become energetic 
enough to JUmp up mto the conduction band. The 
msulator then begms to conduct current. Th1s 1s called 
heat breakdown. 

Actually, to account for this breakdown we don't need 
quantum mechamcs, for it only means that the electron 
has broken out of its narrow atomic world and has 
got mto the conduction band and become practically 
a free man. The energy requued for 1ts release was simply 
equal to the width of the forbidden band separatmg 
the basement from the ground floor. 

All this can be pictured as follows: a thermal 
'knock' eJected the electron from Its atom, 1omzmg the 
latter, wh1le the electron released from 1ts atom IS now 
movmg freely but IS not yet able to leave the chunk of 
msulator. 
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Fig. 16 

But 1t turns out that an msulator also becomes a 
conductor of electnc1ty when a very strong electric 
field is apphed to 1t Wait a mmute, 1sn't this JUSt 
hke the cold em1ssion of electrons from a metal that 
we d1scussed in the prev1ous chapter? But th1s isn't 
a metal, it's an Jomc crystal! There, the electrons 
escaped the metal altogether, whereas here they only 
JUmp from the valence band to the conduction band. 

Still, desp1te the differences, this is one and the same 
phenomenon. The muacle m both mstances JS the 
tunnel effect. Indeed, what IS a forbidden zone if it 
1sn't a potential barner? Yes, 1t IS s1mply a potential 
barrier of practically infimte (for the electrons, naturally) 
width. It's s1mply a step w1th only one 'front' s1de. 
An electric field. as before, bends 1t and creates a 'rear' 
s1de. As a result, the barner now has a finite width. 

The rest IS all the same. The electrons begin to 
seep through from the valence band across the barrier 
mto the conduction band F1rst we get a small electric 
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Fig. 17 

current: the probab1hty of penetrat1on is low and few 
electrons get mto the conduct1on band. But th1s current, 
as it moves through the crystal, heats 1t like the wire 
in a hot-plate. Th1s heatmg, m turn, adds fresh 
arm1es of electrons to the conduction band, and the 
current m the insulator builds up of 1ts own accord 
In just no time there 1s an electnc rupture of the 
msulator accompanied by a simultaneous thermal 
breakdown - the insulator melts. It 1s no good any more 
and has to be thrown out. 

But there 1s a more peaceable manner of generatmg 
electnc currents m msulators. These currents are very 
weak and absolutely harmless. They are produced 
by 1llummatmg 1onic crystals. Photons stnke the crystal, 
knocking electrons from the valence band mto the 
conduct1on band. This 1s a real photoelectnc 
effect, but there IS no em1ss1on, 1t all takes place ins1de. 
so to speak. There IS no harm done. and at the 
same t1me 1t IS JUSt the thmg for practical apphcat1ons. 
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How Does Current Move in a Metal? 

In this twentieth century, one feels ashamed even to 
ask a question hke that. Don't electrons leave a source 
of current, move along a wue driven by an electric 
field. and enter the current source agam, hke water 
pumped mto a pipe? 

Yet we are not ashamed. Where does electnc 
res1stance come from? A conductor is not a p1pe. 
the walls are not rough. Why does a metal filled 
with so many current camers offer resistance to the 
flow of current., 

Th1s is one of those naive questions whose answer 
1s far from s1mple. Electric currents have been known 
for a hundred and fifty years, while the answer to 
our query came to hght only about thirty years ago. 

Here IS how class1cal phystcs explained electrical 
resistance. The d1rected movement of electrons - what 
we call current - IS all the t1me upset by the thermal 
v1brat1ons of ions m the skeleton of the metal. These 
v1brat1ons 1mpede the mot1on of electrons. Electrons 
begm to move like people m a bu1ldmg durmg an 
earthquake- walls and floors nsmg and falhng and 
swmgmg and shakmg. 

Obv10usly, the smaller the v1brat1ons of walls and 
floors, the eas1er 1t IS to walk about the bu1ldmg 
At the absolute zero of temperature, when the thermal 
vibrations of the 1ons cease altogether. electncal 
res1stance should drop to zero. Which 1s very close 
to the truth as regards very pure metals almost devo1d 
of impunt1es. The whole trouble hes with these 
1mpurit1es. As the temperature falls, the resistance 
of such 'dtrty' metals does not tend to zero, but 
rather to some nonzero value which depends on the 
content and type of 1mpunt1es m the metal The 
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more impurtttes there are, the htgher this residual re
sistance. 

What does classical physics have to say on that 
score? Just nothing. It doesn't dtstingutsh an atom 
of the metal from an atom of impurity: at the same 
temperature they vtbrate m the same manner and 
tmpede the electron motton m exactly the same way. 

Now quantum mechanics proved a httle more 
observant. These different atoms in the latttce are 
distingutshed very clearly, almost as if they were of 
dtfferent colours. Then how do we account for the 
electrtcal resistance? 

Ftrst we'll have to recall the elegant experiment 
dealing with electron dtffraction on a crystal that we 
started our talk wtth about quantum mechanics. There 
the electrons whtch impinged on the outer layers of the 
atoms of the crystal were partially reflected and 
formed dtffractton rmgs on a photographtc plate. 

Couldn't we consider the electron current in a metal 
as a beam of electrons? Well. yes. Here the electrons 
stream along m one general directiOn, only the beam 
ts wtder occupying the whole cross-sectton of the ptece 
of metal. But then tt mevttably follows that the passage 
of electrons in a metal should be accompanied by an 
'internal dtffractton'. as tt were, of electrons on the ions 
of the lattice. If we could put a photographic plate 
mside the metal. we should be able to get a dtffractton 
pattern. 

Diffraction has an mterestmg property: tf there ts 
the slightest deviatton m the regulanty of the objects 
scattenng the waves, the clearcut pattern vanishes and 
the plate ts umformly fogged As physictsts say, the 
scattermg of the waves has hecome homogeneous. 

It is just such dtsordcr that ts mtroduced mto the 
regular structure of a metallic crystal by tonic vtbrattOns 
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and by the presence of 1mpurity atoms. As a result, 
the waves of the electrons part1c1patmg m the current 
are scattered m all duectJOns. 

As a rule, 1mpurity atoms have qmte d1fferent 
d1mensions and electron shells than the atoms of the 
metal The impunty atoms distort the latt1ce. Pushing 
the analogy further sttll, we could say that the 1mpunty 
atoms tw1st the corndors, bend the walls and deform 
the floor of our bu1ldmg. It 1s clear that such defects 
remain even when the floor and walls cease to tremble. 
Sure enough, the distortions mtroduced mto a metallic 
lattice by tmpunty atoms are mdependent of the 
temperature and remam even at absolute zero. The 
scattenng of electron waves on these latt1ce 1mperfect1ons 
IS the cause of the res1dual electncal resistance of 
metals that was so mcomprehenstble to classtcal physics. 

Thus, 1t turns out that metals are far from perfect 
as conductors of current. True, not all of them and not 
at all ttmes. Nature, feehng that 1t JUSt had to 
produce somethmg better, created superconductors. 

A number of metals and alloys (as yet, just a few) 
begm to behave very strangely at extremely low 
temperatures. At JUSt ten or so degrees above absolute 
zero, these substances suddenly lose practically all the1r 
electncal reststance. Th1s phenomenon, d1scovered half 
a century ago, became known as superconducttvtty. 

Classtcal phystcs could not find an explanatton for It. 
It ts mterestmg to note that even the powerful 
quantum mechantcs had to work hard for about thirty 
years before tt came up w1th anythmg reasonable. 

The entgma of superconductivity was resolved only a 
few years ago. A b1g contnbut1on to d1sentanghng 
thts mystery was made by the Sovtet phys1c1st N. N. Bo
golyubov and h1s pupils To talk about superconductivity 
any more would take us too far afield We shall 
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confine ourselves to a bnef and rather crude but 
ptctorial analogy. 

The superconductivtty tnck is due to the fact that at 
very low temperatures close to absolute zero the 
interactton of the electron cloud with the tomc skeleton 
10 a number of metals changes drastically due to 
certam pecuhanttes of structure. Whereas before, each 
soldier of the electron army fought on hts own, at the 
low temperature of superconductivity the electrons form 
into patrs. 

The effect on the war between the electrons and ions 
is immediate. Whereas before, each electron fought 
separately with the tons and could easily be put out 
of commtssion, now these electron teams warded ofT 
the blows of 10dtvtdual ions without batting an eyelash. 
The electrons ceased to notice the aggresstve iomc 
enctrclement, as tt were. The difficulttes of the electron 
army were reduced, and finally the electrical reststance 
of the metal fell off catastrophtcally. 

In the language of physics, the new type of war 
conststs in the fact that now the wavelengths correspond
ing to electron motiOn m the metal are thousands and 
tens of thousands of times greater than the distances 
between tons. The secret of these new tacttcs is quite 
obvious if you have read thts chapter wtth care: the 
wavelength of an electron pair ts so much greater than 
the dimensiOnS of the 1onic obstacles 10 its path that 
the scattering of individual electrons, which accompanies 
the passage of current through a metal under ordinary 
condttions, d1sappears - and with tt, the resistance to 
current. 

Th1s ideal orgamzation of the electron army is 
maintamed only so long as the temperature ts sufficiently 
low. As the temperature nses above a certain hm1t, 
the clashes w1th ions break up the pairs into separate 
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soldters. The balance of forces has changed and the 
electrical resistance of the metal ts restored. 

So tt was worth askmg how current flows m metals. 

Those Wonderful 'Semi-Things' 

You've probably already guessed what these semt's 
are about. In nature, a great number of things belong 
netther to conductors of electric current nor to insu
lators, but to semiconductors. 

Their semi- or mtermedtate properttes have proved 
so valuable that semtconductors, which made their 
appearance just a few decades ago, have wrought a real 
technological revolution. The properttes they possess 
are rather well known: unlike msulators, semicon
ductors conduct current at room temperature, and 
unlike conductors, their electrical resistance does not 
increase with temperature, but falls off. 

Nature did not make a sharp dividing line be
tween msulators, semiconductors and conductors. 
Actually, we already know the gap that lies be
tween them. It IS the first forbidden band between 
the electron-filled valence band and the conduction 
band w1th 1ts numerous unoccup1ed electron states. 

In insulators, a great deal of energy is needed 
for an electron to chmb out of the basement mto 
the ground floor because the step is high. This energy 
may be obtained only at h1gh temperatures (recall 
thermal rupture). 

In semiconductors this step 1s much smaller. The 
energy the electrons requare to make their way up 
mto the ground floor is now obtainable at room 
temperatures. That is why semiconductors begin to 
conduct current at ordinary temperatures. 

In other words, when even a weak electric field 
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is applied to a semiconductor, a directed flow of 
electrons IS set up m the conduction band. Now let us 
see what is happemng m the basement. 

Things are developing there too. The point IS that 
when an electron moves out of the basement into 
the ground floor it leaves behmd a vacant room. 
The densely populated basement tmmedtately begms 
a rediviswn of hving quarters. Now only one electron 
is permitted to move mto the room; th1s is straight
way done by one of the electrons close at hand. 
But it m turn leaves behmd an empty room, which 
again, in turn, ts occupied by a fresh electron. 

In JUmpmg from room to room, the basement 
electrons imitate the freely movmg electron on the 
ground floor Somethmg hke a kangaroo copymg 
a human runner The runner takes small and fast 
jumps, but from a distance it looks as if he were 
smoothly buildmg up speed; the kangaroo takes only 
a few long JUmps. 

If we take 1t that the first electron room was 
vacated in the centre of the city, the resettlement of 
electrons results m the room moving out to the c1ty 
hmtts 

Th1s travelling electron room was gtven the rather 
derogatory name of 'hole'. Its behaviOur IS JUSt the 
converse of that of the electron whtch left the hole
in an electnc field tt moves in the oppostte directton, 
hke a posttively charged parttcle. Another difference 
ts that tt moves m slower and larger Jumps. 

At low temperatures all the electrons are securely 
trapped m the basement. As the temperature nses, 
however, more and more of them are released, the 
current mcreases and the resistance of the semi
conductor dtminishes -It is JUSt the other way around 
for a metal conductor. 
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So far we have been talkmg about pure semi
conductors. The current mechanism here 1s called 
intrinsic conductiVIty. Pure semiconductors, however, 
are of httle interest to technologists. All the marvels 
that semiconductors are capable of come with what 
1s called tmpuritles. 

Useful 'Dirt' 

D1rt, tmpunty -It's bad when 1t's acc1dental but it's 
really very good m defimte proportiOns. Semicon
ductors are no except1on to the general run of thmgs, 
they get 'd1rty' too. All kmds of 1mpunties get mto 
their crystals, but these are acc1dental and unwanted. 
Now there are some 1mpunt1es that are very useful
when apphed m stnctly regulated doses. They are the 
ones that produce the marvels. 

What is sauce for the goose ts not always sauce 
for the gander. If you want a metal w1th a h1gh 
electncal conductiVIty, all impunttes are detrimental. 
And we already know the reason: impurity atoms get 
mto the crystal lattice and d1stort it. These d1stort1ons, 
or imperfecttons, scatter the waves of the electrons 
carrymg the current. As a result, the electncal con
ductiVIty of the metal decreases, and the resistance 
mcreases. 

Yet these very latt1ce 1mperfect1ons are the key to 
the success of semiconductors. The fact of the matter 
1s that the structure of the energy bands of a crystal 
is exceedmgly senslttve to the type of crystal lattice. 
Every crystal has 1ts own system of energy bands. 

However, 1mpunty atoms do not alter the shape of 
the ent1re lattice but only m the1r tmmediate VICintty. 
The band pattern common to the whole crystal 1s 
apprec1ably mod1fied m these areas. What happens is 
th1s: add1t10nal allowed electron-energy levels appear 
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m the forbidden band that separates the valence band 
fro.m the conduction band. These levels originate only 
where there are Impurity atoms. To distinguish them 
from levels existmg m the whole crystal of the semi
conductor, they are called local levels. 

The amount of Impunttes m a metal also affects 
the conductiVIty, but always m only one d1rect10n- the 
more Impurities, the lower the conductivity. And the 
range of variation IS relatively small. Now in semi
conductors, the electncal conductivity may be vaned 
not only by the number of 1mpunty atoms but also 
by the type of impunty atom, and the changes may 
be thousandfold and imllionfold! 

Generous and Greedy Atoms 

The most common tmpunty semtconductors are 
presently based on the chemtcal elements of germanium 
and silicon. Take a look at the Periodtc Table of 
elements: s1hcon IS No. 14 and germamum, No. 32. 
They are m the fourth group. You remember what we 
called th1s group? Somethmg mtermed1ate. And that 
ts exactly what 1t 1s. Germamum and stl1con are ne1ther 
conductors nor insulators, they are typ1cal semicon
ductors. 

The outermost shell of e1ther atom contams four 
electrons. When the atoms are brought into a crystal, 
all these electrons go to form bonds with other atoms. 
They are slaves in the basement. And so at low 
temperatures, s1hcon and germamum do not conduct 
current. 

But let us add to germamum a bit of one of the 
ne1ghbourmg atoms, say arsemc (No. 33) of the fifth 
group. In places, the arsemc atoms will dislodge the 
germanium atoms and occupy their places m the lattice. 
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Fig. 18 Fig. 19 

In domg so, each arsenic atom will have to do the 
job of the displaced atom of germanium. 

An atom of arsemc has five electrons in the outer 
sheJI. Four of these he g1ves up to take care of the 
chem1cal bonds of the guy whose place he took m the 
latt1ce- the germamum atom. Now the fifth electron IS 

left unemployed. 
Calculations show that the energy of th1s electron 

exactly corresponds to the local level m the forbidden 
band, but near the limit. Only a very httle energy is 
needed to push this electron mto the conduction 
band- 10 to 15 times less than the height of the 
forbidden band itself. 

The arsemc atom, which was so generous with its 
extra electron and gave 1t to the crystal host, 1s called 
a donor. And the respectiVe electron levels are called 
donor levels (Fig. 19). 

Now let us take, in place of arsemc, some element 
from the group to the left of germamum, let us say, 
boron (No. 5) Boron is m Group Ill. wh1ch means 
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that 1ts outer shell has only three electrons. When 
boron takes the place of a germanium atom in the 
crystal latt1ce, it can handle only three of the four 
chemical bonds. 

Here's what happens. The boron atom steals an 
electron from a neighbounng germanium atom. Th1s is 
contagious. The atom of germanium then grabs an 
electron from a close-lymg neighbour, who does the 
same. The unoccupied electron room begms to move 
farther and farther away from the germanium atom 
that first stole from his neighbour (Fig. 20). 

This is a fam11iar picture, exactly like the migra
ting hole. The only difference is that here 1t is not 
temperature that ejects the electron from the valence 
band, but the presence of an atom of boron. 

In the process, we agam find the formation of local 
energy levels in the forbidden band near the bottom. 
And the difference is that holes, not electrons, can 
occupy them. 

These atoms, like the th1ef boron, came to be called 
acceptors. The correspondmg hole levels are known as 
acceptor levels (see Fig. 20). 

Hence we have two types of electrical conduc
tivity- by electrons or by holes- in accord w1th the 
type of atom that settles m the latt1ce of germanium 
or stlicon. 

We agam ask the reader to bear m mind that a 
hole is simply a convenient convention to designate 
electron motion. If you want to, ptcture the hole as 
an electron jumping kangaroo-like from atom to atom 
m the filled valence band. Then an electron in the 
conduction band will be more like a smoothly movmg 
human runner, takmg fast small steps. We have 
already said that the electron levels in the conduction 
band are also separated one from the other, but that 
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Fig. 20 

these distances between levels are so ms1gmficant that 
the levels actually merge. 

Returning to our story, let us· try m1xing boron 
and arsenic atoms with germanium. What conduct1v1ty 
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will germamum have? This will obviously depend on 
the rat1o of the number of atoms of the two impurities. 
If there IS more arsemc, the conduction will be mainly 
electromc, 1f the other way around, 1t will be hole 
conduction. 

All th1s m1xmg makes for Important applications of 
semiconductors. Semiconductors w1th such double sets 
of impurities are capable of stopping the flow of 
current in one direction and of passmg 1t m the 
oppos1te d1rect1on. Wh1ch means that semiconductors 
are rectrfiers. 

Another thing semiconductors can do is convert 
small voltages mto large voltages (again due to their 
ability to regulate resistance). Wh1ch means that they 
can operate as amphfiers. 

These small, compact, rugged and economical semi
conductor dev1ces have long since won out over the 
big, cumbersome electronic valves. 

Photons stnking a semiconductor knock electrons 
from the valence band mto the conduction band. When 
illummated, a semiconductor m a c1rcult begms to 
conduct current. Whrch means that semiconductors are 
capable of transformrng light energy drrectly into 
electnc energy. What is more, they are already doing 
that and domg rt more effectively than metals. 

P1oneenng work in this field was done by the Soviet 
phys1ctst A. lotTe and h1s colleagues. 

Sihcon battenes in desert areas convert the bhstermg 
streams of solar rays into electnctty, which dnves 
motors m 1rngat10n systems to bring water to thtrsty 
corners of the earth. Semiconductor electric battenes 
have found applications m space exploration. 

Semiconductors also convert thermal energy dtrectly 
mto electnctty. No longer needed are the unwteldy 
systems of steam power stations where heat first 
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converts water into steam, and then the steam drives 
a turbme connected to the rotor of a dynamo. This 
IS already obsolete and will disappear some day 
altogether. Meanwhile semiconductors are working as 
thermoelectric generators, convertmg the heat of kero
sene lamps into electricity and as refrigerators with no 
moving parts. 

That is only the begmning. Ahead lies a bnlliant 
future for these marvellous little crystals. 



The interior 
of the atomic nucleus 

On the Threshold 

Atoms. molecules, crystals, now what? 
Quantum mechanics will now take us on a trip 

deep into the interior of the atomic nucleus itself 
There are still marvels to be uncovered. 

In the twenties, no one could even Imagine what 
this would lead to. the physicist was simply cunous. 
The atomic nucleus had much to offer. At that 
time, quantum mechamcs was celebrating its first 
victories in atomic combat, and hardly anything at 
all was known about the deep inner core of the 
atom. 

We shall begin with what httle was known at 
that time. At the very end of the mneteenth cen
tury, the Frenchman Becquerel qu1te accidentally 
noticed that some substances are capable of clouding 
a photographic plate. Followmg up this discovery. 
Marie Sklodowska and P1erre Curie found that th1s 
property is possessed by three chem1cal elements at 
the end of the Penod1c Table- radium. polomum 
and uranium. 

The phenomenon was called radioactivity. Theore
ticians m those days were very embarrassed by the 
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fact that classical phys1cs could not account for 
radioactivity. Meanwhile fresh facts about the my
sterious radiation were accumulated. There were, 1t 
turned out, three kinds of radiatiOn: alpha, beta and 
gamma rays. 

Further stud1es demonstrated that alpha rays con
sist of positively charged part1cles. An alpha particle 
had a charge double that of the electron, while the 
mass was roughly four times that of the hydrogen 
atom. Beta rays were indistinguishable from electrons. 
Gamma rays were. as the phys1c1sts sa1d, extremely 
hard electromagnetic radiatiOn, w1th a penetratmg 
capac1ty many times that of the record-holder X-rays. 

Another few years passed and the English physicist 
Rutherford workmg together With his pupil Bohr 
expounded the planetary model of the atom m wh1ch 
electrons, hke planets, revolve about their central 'sun', 
the atomic nucleus. It gradually became clear that the 
generator of radioactivity was the nucleus. 

With respect to alpha part1cles, th1s was obvJOus from 
the very start: there is no place m the atom for them 
except the nucleus, which contams practically the 
entire mass of the atom. On the other hand, electrons 
ex1st in the outer atom1c shells. We also frequently 
find photons (quanta of electromagnetic energy) tlymg 
out of these shells. Perhaps beta and gamma rays 
origmate in the electromagnetic structure of the atom. 

No, this IS clearly Impossible. When an atom emits 
beta rays it does not become 1omzed, it does not acquire 
an electric charge. Wh1ch means that 1ts electronic 
structure remains unchanged. Further calculations of 
energy correspondmg to photons of visible light and 
X-rays associated with JUmps m electron shells demon
strated that this energy IS only a fraction of the photon 
energy of gamma rays. Again, 1t was support for the 
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1dea that these two types of rad1oact1ve rad1ation on
gmate m the atomic nucleus. 

Several years passed and Rutherford gave theoretical 
physicists some more food for thought. In the path
way of alpha rays em1tted by radiUm he put nitrogen 
nuclei, and photographic plates that recorded colli
sions of alpha part1cles w1th mtrogen nucle1 exhibited 
traces of ... oxygen nucle1! The dream of the alche
mist came true: a transformatiOn of chemical elements 
had taken place, though not m chem1cal fashion. 

That same year, Rutherford observed the first nuclear 
transformatiOn and found that the nucle1 of atoms of 
a smgle chem1cal element can have d1fferent masses. 
Calculatwns showed that these masses differed by an 
amount that was a mult1ple of. or very close to, 
the mass of an atom of hydrogen Such nucle1 became 
known as Isotopes. 

The First Step 

RadioactiVIty and the transformation of nuclei, then 
1sotopes. Surely 1t IS now time to take the first step m 
constructmg a theory of the atom1c nucleus. The 
startmg facts are here and we have quantum mechanics, 
which has already proved its worth. 

But theoret1c1ans were not m a hurry. They conti
nued to stand on the outskirts of the primordial 
forest hstemng to 1ts murmurings and partakmg of its 
odours, but they feared to enter They were not ready 
to subject the1r new-born ch1ld, quantum mechamcs, 
to the ngours of new environments. 

What they asked of experimentahsts was to break 
a path mto the forest Wh1ch was not long m the 
doing: in 1932, the Enghshman Chadwick d1scovered 
the neutron. Now they could start. 
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One bas1c thmg was not clear: What particles did 
the nucleus of the atom cons1st of? The fact that 1t 
was a composite nucleus was obvwus, for we had 
rad1oactiv1ty - particles flymg out of the nucleus and 
the nucleus contmumg to ex1st. Incidentally, one nu
clear particle, the proton, was defimtely established. 

We could now surm1se that the nucleus consisted 
of those particles that appear m rad1oactive disintegra
tiOn: alpha particles and electrons. But this 1s too 
s1mple a conJecture. Alpha particles seemed to have 
the same properties as hehum nucle1. Yet there were 
still lighter nuclei, those of hydrogen. Thus, the 
hydrogen nucleus should be the smallest buildmg stone 
m the nuclear ed1fice. Smce th1s was the most elemen
tary particle, it got the Greek name proton. 

Now we can begm buildmg our model of the 
nucleus. We must take into account the basic rule
the charge of the nucleus must be equal to the collec
tive charge of all the electrons m the outer structure. 
but w1th opposite s1gn (positive). Otherw1se the atom 
would not be neutral the way it IS. We also know 
the nuclear masses: they are roughly equal to the 
masses of the corresponding atoms mmus the masses 
of the1r electromc shells. 

So we have our starting hypothesis: nucle1 cons1st 
of protons and electrons. The nucleus of hydrogen has 
one proton. and there are no electrons at all The 
hehum nucleus has four protons and two electrons; 
1ts charge 1s thus + 4-2 = + 2, 1ts mass 1s JUSt a little 
b1t more than four times the hydrogen nuclear mass. 
We know that the electron IS almost 'weightless' com
pared to the proton - nearly 2,000 times hghter! 

We continue. The hthJUm nucleus w1th mass 7 and 
charge + 3 cons1sts of 7 protons and 4 electrons, 
the boron nucleus w1th mass II and charge + 5 consists 
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of 11 protons and 6 electrons, nitrogen ( 14 and + 7, 
respectively) conststs of 14 protons and 7 electrons; 
oxygen (16 and+ 8) consists of 16 protons and 8 elec
trons, and so forth. 

Everything seems to be going normally. But it only 
'seems' that way. As long as we confine our quilding. 
activities to the light nuclet, everythmg is all right. 
But as soon as we move into the region of medtum 
and large structures, agreement breaks down Judge 
for yourself. Iron wtth nuclear mass 56 (this is more 
correctly called the mass number of the nucleus; it 
shows how many times the mass of the nucleus is 
greater than the mass of a proton) and charge + 26 
requires 56 protons and 30 electrons; for the uramum 
nucleus wtth mass number 238 and charge + 92, we 
must have 238 protons and 146 electrons. 

It turns out that to each new nucleus nature adds 
several protons, not one, as might be expected. If, 
however, we reject thts vtew, then trouble sets in with 
the nuclear masses and charges. As a result, our regu
larity in nuclear construction breaks down. Then there 
is difficulty in figuring out where isotopes come from. 
Trouble with nuclear spms too sets in from the very 
start. The total spm should be the sum of the 
spins of the component particles. For instance, for 
deutenum (the nucleus of heavy hydrogen), which m 
this scheme consists of two protons and one electron, 
the total spin should be at least equal to three proton 
spins (proton and electron spins are the same). Actually, 
it is equal to two proton spins! And this is not the 
only case of d1screpancy. Quite the contrary, tt is rare 
indeed when the computed and measured nuclear spms 
coincide. There must be something wrong in our 
method of building nuclet. 

Sure enough! The nuclear electrons have the job 
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of budding up the charge of the nucleus so that it 
corresponds to the expenmentally observed value. But 
they have a still more important function. Protons 
repulse each other bemg of the same charge, just like 
electrons in the shells of the atom. The electrons are 
needed to hold the protons together. 

A s1mple calculatiOn shows that the nucleus will 
requtre much more electronic glue than we have m our 
method of construction. There are stdl other, more 
convmcing, obJections to the presence of electrons in 
nucle1. We shall speak of them later on. 

At this point theoreticians had senous doubts about 
nucle1 consistmg of protons and electrons. Then the 
neutron made 1ts appearance. In that same 1932, 
Werner Heisenberg and the Sov1et phys1c1sts D. Iva
nenko and I. Tamm advanced a strong, mathematically 
supported hypothesis accordmg to which nucle1 are 
made up exclusively of protons and neutrons. The first 
step was taken. 

The Second Step 

In the construction of atom1c nuclei, nature was 
JUSt as econom1cal as in the budding of electromc 
shells. The only difference was that in the nucleus 
1t had two buildmg stones - the proton and the neutron. 

Each time a new proton was added, nature saw to 
it that the nucleus d1d not fly to pieces as the mutually 
repuls1ve forces of the protons bu1lt up. In the light 
elements (approximately up to calc1um, No. 20), the 
number of protons and neutrons in the nucleus was 
about the same. After that, the number of neutrons 
grew faster than the protons, and th1s continued - the 
farther away, the greater the d1fference. In the uranium 
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nucleus, with mass number 238 and 92 protons, we 
find 146 neutrons. 

Seemg that the nuclear structure would stand, nature 
began to divers1fy its architecture - a few neutrons 
added here, a few taken away there. The result was 
isotopes - variations of a single element. The nucleus of 
tin, for instance, has ten stable isotopes. 

It will readily be seen that the Heisenberg-Ivanenko
Tamm hypothesis is in excellent agreement with the 
data on nuclear masses and charges. According to this 
theory, the hydrogen nucleus consists of a single proton, 
the helium nucleus of mass number 4 (helium-4) con
Sists of 2 protons and 2 neutrons, the lithium-7 nucleus 
has 3 protons and 4 neutrons, the boron-11 nucleus 
has 5 protons and 6 neutrons, the nitrogen-14 nucleus 
is composed of 7 protons and 7 neutrons, the oxy
gen-16 nucleus is made up of 8 protons and 8 neutrons, 
and so on and on. 

And so on and on, right to the end of the Table 
this time. 

What do we know about the neutron? This particle 
has a mass almost exactly equal to that of the proton 
and true to 1ts name is electncally neutral- it has no 
electncal charge. 

By what nght does it occupy the place of the electron 
in the nucleus? The electron at least could hold the pro
tons together. How can an uncharged neutron do this? 

At th1s point we find out that the electrical forces 
of attraction are not enough to account for the stabi
lity of nuclei. Nuclei are real tough nuts. Not a single 
attempt to dtsrupt the nucleus by chemical means, 
by enormous pressures or temperatures or by fantastic 
electric fields has succeeded, though all such weapons 
have operated successfully agamst the electronic struc
ture outside the nucleus. 
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Hence, physicists conclude, there IS a definite reason 
for neutrons being in the nucleus. The neutron it is, 
therefore, that plays the role of cement in holdmg 
together the protons of the nucleus. But by what 
force, we ask. It can't be electncal, for the neutron IS 

neutral. 
Theoreticians got to work on this problem and two 

years after the discovery of the neutron, I. Tamm 
and the Japanese physicist Yukawa put forward a 
brilliant idea that there are very strong specific nuclear 
forces, exchange forces of attraction, of very short 
range operating between protons and neutrons. 

Exchange forces? That's a familiar term. Those are 
the forces that hold two hydrogen atoms together or 
the atoms of nitrogen, oxygen and many others m 
rather stable molecules. In these molecules, the atoms 
are continually exchanging the1r electrons, and this 
holds the atoms together. 

But what kind of exchange 1s there m the atomic 
nucleus? The proton and the neutron are two d1fferent 
part1cles. The nucleus hasn't got any electrons. What 
do protons and neutrons exchange? A calculation made 
by I. Tamm showed that electron exchange yields too 
!>mall a cohestve force for nuclear particles. 

There are two ways open to us: either retreat and 
g1ve up the exchange ideas as erroneous or strike out 
audaciously and state that despite the outward dlssi· 
milanty of the proton and neutron, these particles 
are actually not very dillerent and have much tn 

common, that they can convert into one another: 
the proton mto the neutron and the neutron into 
the proton. 

Th1s idea ts bold mdeed. In 1934, the year th1s 
h}'pothes1s was put forward, no mterconvers1on of the 
elementar}' constttu.:nts of matter had yet been ob-
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served. True, two years before, the transformation of 
an electron and positron into gamma-ray photons had 
been established. But this phenomenon was of an 
utterly different nature. 

Reasoning further, phys1cists figured that if two 
particles can convert into one another they should 
exchange something in the process. The proton acquires 
this 'someth10g' and turns into a neutron; and when 
a neutron loses it, a proton appears. Then again, 
there could be a d1fferent kind of exchange 10 wh1ch 
the neutron acquires something and the proton does 
the losing. 

Starting from the fact that nuclei are extremely 
stable structures and also that the exchange forces 
between protons and neutrons would have to operate 
over the extremely small distances between part1cles. 
Yukawa blocked out the portrait of th1s matenal par
ticle, this 'somethmg'. It could have either a positive 
or a negative charge equal to the magnitude of the 
proton charge (or electron charge) and a mass approxi
mately 200 to 300 times greater than the electron 
mass. 

The proton and the neutron are roughly I ,800 t1mes 
more mass1ve than the electron. So the mysterious 
particle would have a mass somewhere m between the 
two. Whence the name: meson from the Greek mea
ning 'medium' 

Then we get the followmg p1cture of nuclear ex
change. A proton emits a pos1t1ve meson, loses Its 
positive electric charge and converts mto a neutron. 
A neutron picks up a meson and turns mto a proton. 
But a neutron may em1t a negat1ve meson and become 
a proton 10 a dtfferent way. And th1s meson, when 
captured by the proton w11l convert tt mto a neutron 
in sttll another way 
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The Search for the Mysterious Meson 

But where are these mesons? Experiments w1th ra
dioactive nuclei were repeated. The answer was a cate
goncal NO! Even if mesons did exist m nuclei, they 
never left them. As if mesons preferred to carry on 
their modest yet Important work and never show up. 

Then phys1c1sts turned to that great source of infor
mation about nuclear part1cles, the cosmic rays. Within 
the year the meson was d1scovered. In agreement with 
Yukawa's calculatJOns, the meson had a mass of 
roughly 200 electron masses. 

The theoreticians could celebrate. Th1s amazingly 
bold concept of protons and neutrons being related 
particles and the discovery of the meson at the point 
of a pencil. One of the most remarkable attamments 
in phys1cs ever! 

But the elation was short-lived. The mesons refu
sed to enter mto any contact with atomic nuclei, 
were extremely indifferent to neutrons, and only bowed 
to protons within the ordinary framework of electncal 
interaction. Physicists were stumped: Could this be the 
particle that was to go between proton and neutron 
and interact most energetically with them? Obviously, 
they reasoned, it couldn't be - surely not this freak 
of nature. The search must go on. 

Th1s time nature played hide and seek w1th scientiSts 
for a real long t1me. Outstanding d1scoveries in nuclear 
structure were made, the secret of nuclear energy release 
was uncovered, the first atom1c reactors and bombs 
were constructed, and st1ll the elusive part1cle escaped 
detection. Only in 1947 was the noted cosmic-ray 
researcher Powell able to catch 1t. 

This particle was again a meson, but a d1fTerent 
one, not 207 electron masses but 273. There was no 
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mist~ke this time. The new meson (called a pi-meson to 
distinguish It from the mdifferent mu-meson) mteracted 
strongly with nuclear particles. When Jt had consi
derable energy in fltght, Jt could even break up nuclei 
that it encountered. 

To summarize, then, the supposition of quantum 
mechanics that nuclear forces are due to a meson 
exchange between protons and neutrons was brilliantly 
corroborated. Inctdentally, physicists were so sure of 
themselves in this question that they had continued 
pushmg their way through the very thtck of the nuclear 
forest wtthout the slightest evtdence of the needed 
meson even existmg. 

The Strongest Forces of All 

Physicists tmmedtately got down to a study of the 
newly discovered nuclear forces. The first thing they 
noticed was the extremely short range of action We 
have already mentioned that. The exchange forces m 
molecules begm to operate at mteratomtc dtstances of 
the order of the dimenstons of the atoms - hundred 
millionths of a centimetre. Nuclear exchange forces have 
a range tens of thousands of times shorter. They begm 
to operate only at distances close to the dtmenstons 
of the nuclear parttcles themselves. And so, qutte reaso
nably, they can exist only mside the nucleus and never 
display action outstde. 

Nuclear forces are the strongest yet discovered. Not 
only do they completely suppress the mutual antipathy 
of the protons, which IS very great at such small 
dtstances, but even hold them ttght m a stable structure. 

Phystctsts describe the nuclear strength or stability 
in the same way they do for all bodies, molecules, 
atoms, nuclei - by the bi{\dtng energy. whtch IS the 
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energy that must be Imparted to an assembly of par
ticles m order to break it up mto its constituents 

Naturally, the more particles there are in a system, 
the greater this energy must be. To describe stability, 
we usually take the bmding energy per particle. This 
energy IS measured m special units called electron
volts. One electron-volt IS the energy acquired by an 
electron when passmg through a potential difference 
of one volt m an electric field. In our world of big 
things, this umt is very small, but for the atomic 
world tt is quite apprectable. 

The bonds between molecules of many substances 
break up even at room temperature so that such subs
tances extst as gases under ordinary condittons. The 
bmding energy between such molecules ts of the order 
of hundredths of an electron-volt per molecule. 

To break down these molecules mto mdtvidual 
atoms, a much bigger energy ts needed, roughly ten 
electron-volts per atom. This corresponds to tmpressive 
temperatures ranging up to thousands and tens of thou
sands of degrees. 

To decompose atoms tnto thetr constituent electrons 
and bare core (nucleus) IS still more dtfficult. We know 
that atomtc electrons have different energtes correspon
dmg to thetr couphng with the nuclet. The energy 
range IS from tens to thousands of electron-volts. 

Nuclear particles have bindmg energies in the mil
hons of electron-volts! Now tt is clear why nuclei are 
unaffected by even the very strongest of nonnuclear 
forces. Even tf two nuclet collide with speeds of thermal 
motion at thousand-degree temperatures, the etrect wtll 
be hardly more than that of a rubber ball bouncmg 
agamst a wall of gramte. 

Studying the work of the nuclear archttect, phystctsts 
determined the stabtlity of the various nuclet and 
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plotted the1r findings as a function of the mass numbers 
of the nuclei. Take a look at the graph. The first 
thmg we note 1s the tmy ups and downs, something 
hke a mountain range. The similarity is strengthened 
by the fact that at first glance the peaks appear to 
be quite at random. 

But before going on let us take a look at the 
lower curve. Th1s IS a curve of the abundances of the 
chemical elements in nature. To construct it, physicists 
had to consult geologists, astronomers, and even biolo
gists. Obvwusly, the abundance of an element corres
ponds to the occurrence. m nature, of its atomic nuclei. 
By nature we mean, of course, not only the earth 
but the universe at large, the v1sible umverse - as far 
as the spectroscope of the astronomer will reach. 

Let us compare the two curves (Fig. 21). What 
have they m common? First, in the left-hand corner 
we not1ce that the highest peaks of the upper curve 
correspond to nuclei of hehum-4, carbon-12, oxygen-16, 
and a number of others. All these numbers are multi
ples of four, as if the nucle1 consisted not of protons 
and neutrons separately, but of alpha part1cles 
straight ofT. The correspondmg portions of the lower 
curve ind1cate the h1ghest relat1ve abundances of these 
elements m nature- close to 100 per cent. 

Contmumg our trip along the mountain range, we see 
that the most noticeable breaks m the upper curve 
correspond to peaks in the lower curve. The more stable 
the nuclei, the greater. generally speakmg, are its 
abundances m nature. 

Th1s would lead us to conclude that m the world 
of atom1c nucle1 nature has set up 1ts own law of 
natural selection. In the struggle for existence, only 
the strongest surv1ve The most abundant are those 
whose neutron and proton numbers are 2. 8, 20, etc. 
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We shall d1scuss the reasons for this later on when 
we talk about nuclear shells. 

Here, we can pomt out that it is not exactly cor
rect to say that nuclei consist of alpha particles. But 
one thing is definite: groups of two protons and two 
neutrons are indeed extremely stable even in the world 
of atomic nuclei. Physicists say that the nuclear forces 
operating between th1s number of particles become 
saturated. We find it impossible to try to add an 
extra proton or neutron to such a group. The helium 
nucleus, for example. refuses to accept anyone else 
mto the family. Sure enough, this nucleus 1s the most 
mhospitable one of all: there aren't even any nuclei 
w1th mass number S (two protons and three neutrons 
or three protons and two neutrons). 

By refusmg guests, the hehum fam1ly strengthens 
itself. If we exclude the hydrogen nucleus (which con
sists of only one proton and therefore has no nuclear 
forces operating in it at all), the hehum nucleus IS the 
most stable nucleus in nature. 

Saturation is a new property peculiar only to nuclear 
forces Just as new and unusual is their property of 
charge independence. Nuclear forces s1mply don't care 
about charge, they function JUSt as well between a 
proton and a neutron as between a pa1r of protons or 
a pa1r of neutrons. Why this 1s so physicists don't 
fully understand to this day. 

Once Again about the Stability of Nuclei 

The exchange forces that form these strong nuclear 
structures are forces of attraction which bmd protons 
and neutrons together. To what degree can they pull 
together? There have to be limits, otherwise the parti
cles would all merge into one. 
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Nature, naturally, does not allow this to happen; 
and to counter the powerful forces of nuclear attrac
tion at extremely close encounters of nuclear particles 
there are no less powerful forces of repuls1on that do 
not permit the particles to penetrate into one another. 

This is the so-called lower limit to the range of 
action of nuclear forces. We have already spoken of the 
upper limit, which is obv1ously the greatest distance to 
wh1ch nuclear particles may recede one from the other 
and continue to expenence the constraimng act10n of 
nuclear forces. It is of the order of the dimensions 
of the nuclear part1cles themselves. 

This is an mteresting fact, for it can explam the 
general trend of the bindmg-energy curve: the fact that 
1t falls with increase in mass number of the nuclei. 
Indeed, in a hght nucleus that has few protons and 
neutrons, each particle may be linked to all the others 
by nuclear forces. 

Now what about saturation, which indicates that 
nuclear forces prefer binding only tetrads (fours) of 
part1cles? The answer is simple. Nuclear particles are 
md1stmguishable, and so there is no way to separate 
out such 'fours'. Try, in a crystal of sodium and 
chlorme ions, to isolate pairs that correspond to 
'former' molecules. The same ions of sodium and chlo
nne m the crystal lattice of sodium chloride can enter 
mto dillerent 'former' molecules of NaCI, as we have 
already mentioned. 

The more particles a nucleus has, the greater its 
s1ze, naturally. Now each part1cle will be connected by 
nuclear forces only with 1ts immediate ne1ghbours. 
In place of the 'general' bond we have a cham of 
bonds, as it were. Such nuclei begin to lose the1r 
stability, all the more so smce there 1s a general 
mcrease in the repulsive forces of the protons, wh1ch 
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act in opposition to the nuclear forces, as the number 
of protons increases. 

The largest and heav1est nuclei at the end of the 
Penodic Table of elements are rather unstable. Nature 
makes them become more stable of the1r own accord. 
This can occur only if the nucleus gets rid of any 
extra nuclear particles, just like a ship jettisons ballast 
to maintain buoyancy. The extra particles which the 
nucle1 eject are radioactive radiations. 

Incidentally, you probably know that there are also 
a great number of radioacttve nuclei both at the begin
ning and m the middle of the Periodic Table. However, 
most of them are not the products of nature but of 
humans. Bombarding originally stable nuclei with 
nuclear particles (mostly neutrons), physicists upset 
their equilibrium by overloading them with particles. 

These nuclei return to their stable state, but not by 
the same route that they got there. What is more, 
the final state is usually different from the original 
state A nucleus is upset by an extra neutron and 
it responds by ejectmg electrons and gamma photons 
until tt gets transformed mto an entirely different 
nucleus. 

Underlymg this phenomenon, called artificial radio
activity, is the tendency of all nuclei towards stabi
hty, at all costs. Unstable thmgs cannot exist for a long 
t1me. Recall the graph of the abundance of nuclei 
m nature. It clearly states that the more stable the 
nucleus, the longer 1t exists, and, hence, the more 
abundant 1s the element. 

Tunnels in Nuclei 

Very complex laws govern the stabihty of nuclei. They 
have been under study by sc1ent1sts for over thirty years 
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and still are not yet completely understood. However, 
some of these laws are giving up their secrets. 

The first was alpha radioactivity, or the alpha decay 
of nuclei, which was discovered even before the neutron 
was, though sc1ence knew nothing of the underlying 
cause of the stability of alpha particles. 

So we have two problems: Why do alpha particles 
fly out of nuclei, and why don't protons and neutrons 
fly out separately? 

Let us start with the more d1fficult second quest1on. 
Examining the curve of bmding energy, we found that 
nuclei consisting of tetrads, pairs of protons and neutrons 
(for example, helium-4, carbon-12, oxygen-16), were 
more stable than their neighbours. Now we find that 
heavy radioactive nucle1 decay precisely by means of 
these tetrad particles. How do we account for this 
ambivalent behaviour of alpha part1cles? 

Our difficulties increase st1ll more when we recall 
that nuclear forces m a tetrad reach saturation and 1t is 
impossible to add a fifth part1cle to the four. How, then, 
do nuclei heav1er than the hehum nucleus exist at all? 

To answer these questions, let us look more closely 
at the existence of alpha particles, at the exchange of 
mesons between them. We know that one of the pos
Sible types of exchange cons1sts m a neutron ejectmg 
a negatively charged p1-meson and convertmg mto a 
proton m the act, wh1le the latter absorbs this meson 
and in a mmute fract1on of time turns into a neutron. 

Thus, on an average, a tetrad all the ttme has two 
protons and two neutrons. But imagine for an instant 
that a meson ejected by a neutron in some tetrad ts 
captured by a proton of an adjacent tetrad. Then there 
will be two 'crimes' commttted at once the first tetrad 
w1ll have three protons and one neutron, and the 
ne1ghbouring one w11l have three neutrons and one pro-
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ton. Why 'crime'? Well, because, says the Pauli princ1ple, 
protons and neutrons have the same spin as an electron 
and so have to ab1de by all the restrictions imposed 
on electrons. The Pauh principle forbids more than one 
particle having a given sense of spm in a given state. 

The alpha particle is extremely stable because the two 
protons and two neutrons in it each occupy a single 
energy level - the lowest possible. The two protons are 
on one level, and the two neutrons are on the same 
level. This is possible due to the fact that at each 
mstant of time a proton and neutron m the nucleus 
appear in different guises, that is, are actually different 
particles. Now if a tetrad has three protons, then one 
of them will simply have to v10late the stringent Pauli 
exclus1on prmciple or wtll have to occupy a state of 
higher energy, which is to say a lower bmdmg energy. 

Nuclear particles do not w1sh to commit 'crimes'; 
neither do they hke unstable state. What they do IS 
immediately release the meson: we again find two 
ordmary tetrads. But this instantaneous exchange bet
ween the tetrads estabhshes a mutual bond between them. 
The tetrads become less Isolated from each other. 

The farther we go away from the light nuclei, the 
weaker are these effects of tetrads on stabihty. Yet the 
heavy nuclei agam exhibit a definite mfluence of tetrads. 
Particles on the periphery of such nuclei, as we have 
already pomted out, can interact only with the1r im
mediate neighbours because the nucleus has become so 
large. Apparently, near the surface of nuclei we find 
particles formmg into tetrads agam, smce this IS the 
most stable configuration. 

That IS probably the reason why heavy nuclei eJect 
only tetrads (alpha particles) and not protons or neutrons. 
But how do they get out of the nucleus at all? The 
nucleus is a connected assembly of particles or, as cal-
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led by its other name, a potential well that is separated 
from the free ex1stence of particles by a h1gh barner. 
We know the depth of the well (or the height of the 
'•arrier). It is equal to the binding energy. 

We shall now see how the nuclear barrier differs 
from those we have already dealt with: no effort 1s 
needed to jump over it. The nuclear barner is not a 
step w1th no back wall to it, but a 'fence', as 1t were. 
A fence not wide at all, but very h1gh. To put 1t 
crudely, the w1dth of the barner is determined by the 
range of action of the nuclear forces, while the height 
mdicates the magnitude of these forces. 

Now quantum mechanics again takes over. The ejec
tiOn of an alpha particle from a radioactive nucleus IS 

a tunnel effect, say the quantum people, and th1s effect 
IS m no way d1fferent from the tunnel release of elect
rons from a metal or the tunnel penetration of electrons 
into the conduction band in semiconductors and msula
tors. At all t1mes, wave propert1es are m operation; 
in one case, for electrons, in the other, for alpha 
particles. 

Now we understand th1s 'double-deal' conduct of the 
tetrads. Actually, there 1s no double deal at all: every
thmg is due to quantum probabilities. Theoretically, an 
alpha part1cle can even fly out of an oxygen nucleus, 
but the probabihty is neghgible. ln light nuclei the 
height of the barrier for ejection of alpha particles 1s 
very great (a large bindmg energy), wh1le m heavy nucle1 
the barner is low (a considerably smaller bindmg energy). 
Now the probabihty of the tunnel effect 1s very largely 
dependent on the height of the barrier, and falls off 
rapidly as 1t mcreases m height. Therein lies the whole 
secret. 

On the other hand, the barner height for ejeCtion of 
alpha particles in heavy nucle1 1s much lower than that 
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for the 'individual' release of protons and neutrons. 
That 1s why only tetrads tly out and not ind1vidual 
particles. 

Does the Nucleus Consist of Shells? 

Unhke the atom, the nucleus does not seem to have 
a central body surrounded by electron-hke clouds. For 
some years after the d1scovery of the proton-neutron 
structure of the nucleus, phys1c1sts pictured the nucleus 
as more or less evenly smeared out nuclear matter 
filling this tiny volume of space in the form of a cloud 
of protons and neutrons. 

However, the d1scovery of the saturation of nuclear 
forces and of the phenomenon of alpha disintegration 
seemed to indicate that nuclear matter is not qu1te 
formless and that we perce1ve the outlmes of small cells, 
so to speak, of alpha particles. As quantum mechamcs 
and expenmentation forged deeper mto the nuclear 
forest. 1t became clearer that there are whole groups 
of trees, that it has shape and is not shapeless as when 
viewed 'from a distance'. 

We already know that the particle tetrad occupies 
the lowest energy pos1t1on in the nucleus and that it is 
the most stable of all the nuclear blocks. To this posi
tion there corresponds a smgle general level of energy 
at wh1ch we find two protons and two neutrons with 
spms m opposite directions. 

In the given nucleus, the second tetrad of particles 
occupies a different energy level, the thud, a third level, 
etc. As the number of particle tetrads increases, higher 
and higher energy levels m the nucleus are filled, very 
much like the electrons in atoms 

But not all nuclei consist of tetrads! True enough. 
And this means that in nuclei with numbers of particles 
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that are not multiples of four, the corresponding energy 
levels Will not be fully occupied. 

The nucleus is beginmng to look very much like the 
outer structure of the atom, where we found filled and 
closed and stable electron shells (recall the 10ert gases). 
Here we have filled and extremely stable nuclear 'shells' 
made up of tetrads and larger numbers of nuclear par
ticles. 

Of course, an outward s1milarity in Itself is not enough. 
We would hke to have more tang1ble proof of the 
ex1stence of shells 10 the nucleus. Let us take a look 
at our curves of stab1lity and abundance of nuclei. 
Take a few of the very highest peaks and calculate the 
numbers of protons and neutrons 10 the nuclei that 
correspond to each. 

The first is helium-4; its nucleus IS an alpha particle 
and cons1sts of 2 protons and 2 neutrons. Then comes 
oxygen-16 with 8 protons and 8 neutrons. This is fol
lowed by calcmm-40 w1th 20 protons and 20 neutrons, 
and so on. Ftnally, at the right-hand end of the curve 
IS the last high peak that belongs to lead-208; here 
the nucleus has 82 protons and 126 neutrons. (To these 
we must add the tm nucleus w1th 50 protons, wh1ch is 
so stable that nature devised ten stable ISOtopes, whereas 
other proton numbers have only 2 to 5 stable isotopes.) 

So we now have the most stable nucle1 with proton
neutron numbers 2, 8, 20, 50, 82, and 126. Note that 
these nuclei are sort of counterparts of the atoms of the 
inert elements with 2, 10, 18, 36, 54, and 86 electrons. 
Both - each m its own world - are record-holders of 
stab1lity. 

These proton and neutron numbers were named 'magic 
numbers'. And so it should be, for there is something 
magic in the fact that the nucle1 and electronic shells 
of atoms - two worlds that live by entirely d1fferent 
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laws - should exhibit th1s common structural feature. 
True, a companson of the mag1c numbers With the 

electron numbers in the most stable atoms shows up 
a defimte difference. These numbers coinc1de only for 
helium, wh1ch holds all records of stability m both 
worlds. It 1s no accident that these numbers diverge. 
On the contrary, it would be rather too remarkable 
1f they coinc1ded - so d1fferent are the liv10g conditions 
10 the nucleus and in the outer electronic cloud. 

Still, there is somethmg hke a system of shells 10 the 
nucleus There IS also expenmental corroboratiOn. Let 
us take a look at the potassmm atom (No. 19). It 1s 
univalent. which means that 1t has one electron outside 
the filled and closed shell of the 10ert argon atom. 
The total sp10 of the electromc structure of the potass1 urn 
atom 1s equ'al to the spin of th1s valence electron. 
Wh1ch 1s natural enough, since the spins of all the 
other electrons are 10 pairs and 10 opposite directions 
so that they cancel and the sum is zero. 

Now compare that with the nucleus of the oxygen-17 
1sotope, wh1ch has one neutron over and above four 
tetrads of part1cles. We should then expect that the 
sp10 of the nucleus of oxygen should be equal to the 
spm of th1s extra neutron. That 1s exactly the case. 

Th1s 1s not the only co10c1dence. The expenmentally 
measured sp10s of nuclei are m excellent agreement 
w1th those predicted on the bas1s of the model of nuclear 
shells. 

Where do Gamma Rays Come from? 

Much more comes to hght m the way of common 
features 10 electron shells and nuclear shells when we 
exam10e the ong10 of the th1rd type of rad1oactive radia
tion - gamma rays. Phys1c1sts study10g gamma rays were 

13-70 193 



able to establish Important facts about the hves of nuclear 
fam1hes. A first fact to draw attent1on was spectra of 
nuclear gamma rays; they were found to constst of 
separate hnes We already know what th1s means: that 
nuclear parttcles can have only very stnctly defimte 
energ1es, whtch also means that they have to ex1st m 
spectfic states. The transttion of parttcles between such 
states would then g1ve nse to gamma rays. 

What are these nuclear energy levels and how do 
they fill up wtth nuclear particles? Here the map 1s 
mostly made up of blank spaces The fact that a nucleus 
has defimte energy levels should not cause any surpnse. 
These levels are predicted by the Schrodmger equation 
for all connected assemblies of particles, whtch natu
rally mclude nuclear systems as well 

In the case of an atom, the formula that descnbes 
the mteract1on ofpart1cles 1s well-known, 1t is Coulomb's 
law for the mutual repulston of electrons and thetr 
attractiOn to the nucleus We put th1s law 10to the 
Schrod10ger equatiOn. But the law of npclear force~ 
IS sttll unknown. 

Phys1c1sts then have to solve the reverse problem: 
observe the spectra of gamma rays and calculate from 
them the energy levels 10 nucle1. the1r filhng sequence. 
At one t1me, you remember. phystctsts busted themselves 
wtth Just such a problem when comb10tng the levels 
of energy m atoms. Scientists mvoked mformauon about 
the bnghtnesses of md1vtdual hnes of gamma rays and 
their charactenst1cs and attempted to denve a law that 
would govern the mteractwn of part1cles m nucle1 

It turned out a very tough nut to crack. and st1ll 
1sn't fully solved. ObviOusly, 1t won't be until we know 
somethmg about the nature of nuclear particles. Some of 
the techmques now being used to approach th1s problem 
w1ll be d1scussed 10 the next chapter. 
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St1ll and all, the concept of energy levels m the 
nucleus and of shells made up of proton and neutron 
'clouds of probab1hty' has been very frmtful. It has 
enabled us to explam the ongm of gamma rays and 
the many mterestmg pecuharit1es they exh1bit. 

F1rst of all. 11 IS clear that to em1t a gamma photon 
the nucleus has to pass from a stable state w1th least 
poss1ble energy to a state w1th more energy, wh1ch by 
analogy w1th the atom 1s called an exc1ted state The 
gamma photon IS em1tted when the nucleus returns 
to 1ts ongmal state or to some other stable state. 

Nuclear forces are mllhons of t1mes stronger than 
electncal forces. For th1s reason, the d1stances between 
energy levels 10 the nucleus are usually much greater 
than the energy distances 10 the electromc structure. 
It 1s natural to expect that gamma photons too have 
to be JUSt as many limes as energetiC as photons of 
hght, wh1ch means they w1ll have a correspondmgly 
smaller wavelength. That 1s exactly what we observe. 
Gamma rays have the shortest wavelength of all known 
radiatiOns. 

Now 1t IS clear why gamma rays mvanably partiCipate 
10 nearly all radJoactJve transformations of nuclei, for 
these transformations are nothmg other than a trans1t1on 
of the nuclei mto more stable states At limes a smgle 
readjustment of the nuclear house w1th a few extra 
part1cles thrown out1s not enough for complete stab1hty. 
The new nucleus, though more stable than the ongmal 
one, 1s st1ll m an exc1ted state Then the tina! stage 
m the reshuffle IS an emJssJon of a gamma photon. 
the nucleus then ceases to be radwact1ve. 

The nucleus can also g1ve up its surplus energy m 
a way that the electron shells of the atom have no idea 
of Instead of shootmg out a gamma photon, the nucleus 
gives up 1ts excJtatJon energy on the sly d1rectly to the 
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electron cloud But this energy 1s so great that the 
nuclear 'g1ft' is more hke an earthquake for the atom1c 
build10g. True, the structure cont10ues to stand, but some 
of the electrons are fired out w1th very considerable 
veloc1t1es. Th1s phenomenon competes very successfully 
w1th the duect em1ss1on of gamma rays and is called 
10ternal conversion. 

The Nucleus as a Liquid Drop? 

Nuclear shells. magic nuclei . very pretty 10deed. But 
th1s appcahng p1cture could account for very many 
expenmental facts that d1d not fit mto the framework 
of the shell model. Wh1ch should not be surpns10g. 
First of all, if nuclear shells really ex1sted, they \\<Ould 
have to be very different from the1r electromc coun
terparts. The very concept of a shell 10 a nucleus was 
really farfetched The nucleus has no core that could 
be surrounded by nuclear part1cles More, the closed 
groups 10 the nucleus cons1st of qu1te d1fferent numbers 
of particles than m the outer part of the atom. F10ally, 
nuclear shells would have to be of two kmds, proton 
and neutron. 

So what the term 'shell' actually means when tran
sported from the outer atom1c world 10to the 10ner 
nuclear world IS s1mply a certa10 k10d of secludedness. 
stab1hty, saturation of defimte groups of nuclear particles 
What is more, It does not occur all the time or at all 
places. 

There was some JUstification m speakmg of shells as 
concerns only the hght nucle1 which cons1st of a few 
nuclear part1cles. But as the nucle1 mcrease m s1ze. the 
separate energy states lose the1r md1v1duahty and the 
nucleus becomes structurally more and more shapeless 
There are so many nuclear particles and the1r clouds 
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overlap so much that there are no longer any defimte 
particle motions and they cease, as 1t were, to obey 
quantum laws 

As a result, the nucleus loses all features of sim1lanty 
with the atom. The shell model has to be given up. 
What new model can we dev1se for the nucleus? 

Shortly before the outbreak of World War II, for 
reasons wh1ch we shall ment1on later on, sc1enttsts 
suggested the hqu1d-drop model of the nucleus. The 
nucleus was pictured as an outwardly homogeneous 
mass Without any ordered structures m tt (hke, say, 
alpha parttcles or shells). The separate nuclear part1cles -
the molecules of the nuclear hqu1d - were supposed to 
be m a state of constant random motton 10 the 
hqu1d drop. 

As a result, the nuclear hquid acqmred a certam 
flu1d1ty. Like a liqmd drop, the nucleus has boundanes, 
but the boundanes are mob1le, flu1d. and can change 
form due to vanous external and 10ternal causes. And 
all th1s without ruptunng the surface of the nucleus, 
wh1ch 1s kept 10tact due to a certam surface tens1on 
of the nuclear hqu1d on the boundary of the drop. 
Th1s nuclear surface tens1on 1s a complete analogy to 
that of ord10ary hqmds: the nuclear particles are bonded 
by forces of attraction not countered by any other forcel> 
outs1de the hqUJd drop. Nuclear forces hold the nuclear 
hqmd m the drop 

There the analogy stop~. Let us compare the dcnsJtJes 
of the two hqmds S1mple calculations show that the 
particles of a nucleus are pad:ed 10 thousands of mJI
hons of times more tightly than are the molecules of an 
ordmary hqmd A nuclear dropl~t the s1ze of a drop 
of water dnppmg from the tap would we1gh a good 
ten m1lhon tons 1 

Stupendous! Yet we know that the properties of 
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bodaes are very greatly dependent on thear densities. 
Change the densaty of a gas one thousand times and 
at becomes a crystal obeymg utterly difl'erent laws. It 
should be clear, then, that we cannot speak of any 
kmd of mternal similanty between ordmary hquads and 
the nuclear hquid. There is too great a dafference m 
densaty - thousands ofmalhons of tames - and the forces 
actmg between nuclear partacles daffer rad1cally from 
those actmg between molecules. 

But let's take a look from the outsade. here we find 
an analogy. Put a droplet of mercury on a paece of 
glass and tap at lightly. The droplet shavers. ripples 
of wavelets race across ats surface Hat the droplet 
harder and at wall break up mto several smaller ones. 

Thas may call to mand one of the baggest dascovenes 
of physacs an recent times. In 1939. the scaentlfic world 
was hat by a sensataon. the omanous meanang of which 
an those pre-war days was fully comprehended only by 
physicasts. The dascovery of the fissaon, or break-up, of 
uramum nuclea 

Theoretacaans of dafferent countnes hurned to find 
an explanataon for thas startling phenomenon of the 
world of atomac nuclei Independently. Naels Bohr and 
the Sovaet physacast Ya Frenkel came up wrth a theory 
They succeeded an accountmg for the fissaon of the 
nuclei of uramum m thear newly advanced hquad-drop 
model of the nucleus. 

The Liquid-Drop Nucleus Splits 

Bohr and Frenkel reasoned somethmg hke thas Here 
we have a nuclel!s an normal hfe. there is even some 
order in the motion of the nuclear particles. If the 
nuclear structure is stable, ats mhabatants carry on an 
even, secluded hfe. 
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But then, all of a sudden, tn comes an umnv1ted 
·guest' - a particle from somewhere It plunges m and 
ruffles everyone. In the tumble and JUmble of greetmgs, 
the nuclear house becomes pandemomum. 

It IS very soon 1mposs1ble to d1stingu1sh the new 
part1cle from the others The energy that 1t brought in 
is 1mmed1ately d1stnbuted among all the nuclear particles, 
so now neither the new part1cle nor any other particle 
of the nucleus can leave it. A new nucleus IS thus 
formed. Bohr called 1t a compound nucleus. 

But th1s state doesn't contmue for long. One of the 
particles finally gets a strong enough bump to knock 
1t across the potential barner at the boundary of the 
nucleus. and leaves. If the emergmg particle is dif
ferert from the one that entered, the whole sequence 
of events 1s called a nuclear reaction. The name is 
JUStified m that the 1ntt1al nucleus d1ffers from the 
termtnal nucleus Just hke tn chem1stry where the imt1al 
substances differ from those produced m the chem1cal 
react1on. 

The tumble and Jumble of part1cles m a compound 
nucleus 1s very remm1scent of the random thermal motion 
of molecules tn a liqu1d drop From t1me to t1me. 
separate molecules evaporate from the drop Which is 
much hke the 'evaporation' of particles from a nucleus 
heated up by the impact of an outs1de part1cle. 

What actually takes place tn the nucleus 1n th1s case. 
nobody knows exactly. But we can say that 1t behaves 
as tf It were a hot ltquid drop. Let's take a look at 
the surface of the drop. It is all the time m a state 
of agitation. trembhng, other molecules takmg the place 
of the one that escaped 

It has long smce been observed that the amplitude 
of oscillations on a hqu1d surface is very strongly 
dependent on the surface tens1on of the hquid in the 
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drop, increasing as the latter d1mimshes. As we have 
already said, the surface tension m a nuclear hquid drop 
IS due to the nuclear forces of attraction. The larger 
and more massive the nucleus, the weaker are these 
forces and the more feeble 1s their hold on the nuclear 
particles. In heavy nuclei, even relattvely weak jolts can 
bu1ld up dangerous oscillations on the surface. 

A knock of this kind can be produced by a neutron 
collidmg with the massive and rather unstable oramum 
nucleus (recall that due to the1r mstabii1ty such nuclei 
are radioactive). At times, JUSt the slightest JOlt will 
break up a uranium-235 nucleus, say in a collisiOn with 
a thermal neutron, \\<hich IS a neutron w1th an energy 
hundreds of m1lhons of ttmes less than that typical of 
atomic nuclei. 

How does an ordmary drop of water divide? High
speed cinematography gives the answer. In the nght 
type of collision, the droplet begins to resonate and 
high waves appear on 1ts surface. Then the droplet 
stretches out mto an elongated shape and finally breaks 
at the waist. 

\-fore complicated cases of the split-up of drops have 
been observed when they divide mto larger numbers 
of smaller droplets, u~ually of different sizes. 

Bohr and Frenkel presumed that nuclear fission IS 

due to a similar deformation of the nuclear surface when 
neutrons 1mpmge on heavy unstable nuclei. 

The Secrets of Nuclear Fission 

But why IS the liss1on of nuclei due to neutrons? 
And why do mass1ve nuclei prefer to fall mto large 
pieces and not evaporate out mdJvJdual particles, as in 
the case of artificial radioactiVIty m nucle1 of small and 
mediUm mass? 

200 



In answer to the first question, we can say that the 
'fence' which separates the nucleus from the outer world 
has, as we have already mentioned, two sides. But they 
are not symmetncal. 

On the mner s1de, the nuclear 'fence' 1s more sloping 
for protons than for neutrons. Its he1ght IS due to the 
nuclear forces and for protons is brought down because 
of their mutual electrical repulsiOn. As a result of th1s 
bamer, the particles under ordmary conditiOns do not 
leave the nucleus. It 1s relatively stable. 

Now on the outs1de, the 'fence' IS somewhat d1fferent. 
For protons the bamer remams. Th1s retlt:.;ts the fact 
that the protons of the nucleus jointly repulse all unwant
ed guests of the1r own kmd. 

Now for neutrons there 1s no outs1de barrier because 
they are electncally neutral. On the contrary, there 1s 
a well mto which they can fall - when they fall mto 
a nucleus, they usually stay there 

Therefore, if a proton wants to get mto a nucleus, 
especially mto a heavy, multlproton nucleus, 1t has to 
have enormous enl:rgy rangmg up to hundreds of mil
lions of electron-volts. Now a neutron doesn't need 
any energy at all. That explams why neutrons of 
very low energy (even thermal neutrons w1th energi
es of hundredths of an electron-volt) can emer a 
nucleus. 

Now we can answer the second quesuon. One m1ght 
thmk that the neutron entenng a nucleus of uranmm-
235 overloads it to such an extent that the latter falls 
to pieces However, the neutron is not the last drop. 
Such a nucleus could, Without any danger to 1ts stab1hty, 
accommodate three more neutrons to form a nucleus 
of uramum-238. 

So what have we? The new neutron ne1ther overloads 
the nucleus nor adds appreciable energy, nor, finally, 
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does 1t g1ve any kmd of a 'k1ck' to the drop. Then how 
come the uramum-235 fiss1ons? 

The s1tuat1on 1s mdeed complicated, and we agam 
come up agamst those quanta The pomt IS that a 
nucleus of uramum-235 IS fissiOnable by a neutron of 
only a very defimte energy The energy hmits correspond 
to the d1stance between the energy levels related to the 
stable and close-lymg exc1ted states of the uranmm-235 
nucleus. That is why neutrons whose energies correspond 
to the energy d1lference of the two states JUSt ment1oned 
are most effect1ve m excllmg uramum nucle1 

In the uranium-235 nucleus the energy d1stance bet
ween exc1ted and stable states 1s very small. Once m 
an exc1ted state, th1s nucleus, 11 would seem, should 
act hke hght weight nucle1 and emil a gamma photon 
and some partJcle, and then return to the same or some 
other stable state But that 1s not what happens 

And here 1s why We have already ment10ned the fact 
that heavy nucle1 prefer to eject alpha part1cles (tetrads) 
mstead of separate part1cles Th1s 1s due to the fact that 
the potential barner for the em1ss1on of alpha part1cles 
1s considerably lower than for the eJectJon of md1v1dual 
nuclear part1cles And 1t turns out that the barner for 
such large 'blocks' as nuclear fragments m the liss1on 
process 1s very low m the case of the uramum-235 
nucleus 

Once m the exc1ted state, th1s nucleus IS able to wob
ble over the tmy fiss10n barner and break up mto 
fragments 

A very s1m1lar s1tuat10n IS found m the case of 
molecules. The energy required to eject even one smgle 
electron from a molecule 1s rather substantial. But the 
energy needed to spht the molecule mto separate atoms 
IS much less. That 1s prec1sely the reason why, m 
chem1cal reactions, molecules do not break up mto 
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electrons but into atoms or mto groups of atoms 
(radtcals) 

The fisston of uramum-238 nuclet by neutrons IS very 
much hke that of uramum-235 But m thts nucleus 
the exctted state 1s separated from the stable mtttal 
state by a rather broad energy range of a good mtl
hon electron-volts. And so very fast and energ~t1c 
neutrons are needed to raise such nuclei to the excited 
level 

How Many Nuclei Can There Be? 

You've probably guessed that the number ts delinuely 
hmlled. The heavter a nucleus, the less stable 11 ts. 
But even a uramum nucleus extsts thousands of mil
lions of years on the average before spontaneously get
tmg nd of tts 'extra' alpha particles and reducmg to a 
more stable state. It ts not dtflicult to calculate that 
heavter nuclet than uramum can hve for qmte some 
ttme before eJectmg an alpha parttcle 

There IS another thmg, however, that puts a hmtt 
on 'wetght categones'. We have JUSt seen that wtth 
respect to lisston mto large blocks, heavy nuclet put 
up around themselves very low barners But then -
}'CS. you've already guessed Jt - then a nucleus wtll 
have a percepttble probabthty of passmg under this 
barner 

No neutrons or any kmd of excttauon wtll be needed, 
the nucleus wtll split up spontaneously and pass 
through tis own barner m tunnel fashton. Is that the 
way it happens? In 1940, nature nodded yes. The spon
taneous liss10n of heavy nuclet was dtscovered by the 
Sovtet phys1c1sts Flerov and Petrzhak. It was no 
conJecture of quantum mechamcs but an established 
fact. 
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The heav1er the nucleus and the more part1cles there 
are, the greater the probability of such fission. Th1s 
1s very rare m uramum nucle1, the probability 1s practi
cally zero. But for cahfornium (No 98), the mean 
lifet1me of nucle1 for spontaneous fi~sion is JUSt a few 
years. not thousands of m1lhons of years. 

And finally we have d nucleus where the barner to 
fission s1mply vamshes. A nucleus of th1s kind should 
have no res1stance to fiss1on Actually, 1t would never 
get formed, for 1t would stra1ght-way fall to p1eces 
The last number m our hst of 'standard1zed projects' 
for bu1ldmg atoms IS 120. This means that nucle1 (and 
the atoms as well, naturally) cannot, under any cu
cumstances, have more than about 120 protons. 

It 1s the number of protons that dec1s1vely determmes 
the stabthty of nuclei to fiss1on. In heavy nucle1 the 
forces of repuls1on between protons mcrease drastically, 
and the nuclear forces of attraction between distant 
penpheral particles fall off rapidly. 

As a result, near the nuclear surface we lind ragmg 
protons, wh1le the neutrons stand aside in the shade. 
Repuls1ve forces tear the surface to p1eces and the 
nucleus breaks up mto b1g blocks. 

The Nucleus as Shells and Liquid Drop 
Together! 

We have JUSt d1scussed two models of the atom1c 
nucleus One of them oll'ers shell structure, somewhat 
rem1mscent of the atom. The other suggests the hqutd 
drop. Wh1ch one of these models IS closer to the truth? 

The most reasonable answer 1s that both are good, 
but each m 1ts own part1cular sphere of application. 
The shell model does a better JOb when descnbmg the 
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quiescent nucleus that has not been excited by any 
external causes. The liqu1d-drop model handles the 
situation best when the nucleus 1s under stress, when 
everythmg 1s boihng and the particles are energetically 
colhdmg with each other, when they evaporate out and 
when thmgs get so bad that the nucleus sphts to p1eces. 

Why not combme the two models 10to one that would 
be equally good in describ10g both types of phenomena? 
Well, we've already seen 10 the Planck theory of quanta 
why thts J010ing of theones ts not a tailor's JOb. 

A generalized model of the nucleus, also called a 
umfied model, was advanced a decade ago by the son 
of N1els Bohr, the noted Damsh phystctst Oge Bohr. 
Of course, th1s theory 10herited certain of the features 
of 1ts progemtors, but st1ll was qmte dttTerent from 
them. 

Underly10g the generalized theory ts the contentiOn 
that the nucleus behaves 10 shell-hke manner when the 
numbers of protons and neutrons 10 It are equal to the 
mag1c numbers or close to them Otherwise, the nucleus 
behaves hke a hqmd drop Moreover, thts conduct ts 
particularly evtdent when the number of particles out
Side the filled and closed shells reaches about 2f3 of the 
number m the succeed10g filled shell. 

It turns out that the parttcles outstde the nuclear 
filled shells are responstble for all the vaganes of the 
nucleus, from the ejection of mdJvtdual particles to the 
dtsruptton of the whole th10g. Now the particles 10 the 
filled shells behave much more modestly, taking no 
dtrect part 10 these actiVIties of the nucleus 

Aga10 we feel compelled to go back to the electron 
shells of the outer structure. You recall that the 
electrons in the closed shells of the 10ert atoms were 
snobbishly detached. At the same time, the electrons 
m the unfilled shells were acttve strikmg up acquam-
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tances With ne1ghbounng atoms to form molecules, 
crystals and to partiCipate m chemical reactions. 

Yet m the generalized model It IS considered that there 
IS not very much d1rect mteractJon of nuclear particles 
and that the shell aspect IS not the most s1gmficant. 
Besides particle mteract1on m pairs. there IS probably 
also a collective-type . mteraction of particles, wh1ch 
would better be reflected m a hqu1d-drop model These 
events are mamfested m deformations of the nuclear 
surface, as a result of wh1ch the nucleus does not have 
a sphencal dJstnbutJOn of proton charge, and m a 
number of other nuclear pecuhant1es. 

The electnc, magnetiC and other properties of atomic 
nucle1 pred1cted on the bas1s of the generalized model 
are m good agreement with expenment. 

Enough about models and the way phys1c1sts use 
them to descnbe the properties of atom1c nucle1 These 
are not the only ones, many more have been conJur
ed up 

Is 1t good to have so many models or IS 1t rath
er a disadvantage? Most hkely It Is a disadvantage, 
for despite the manys1ded nature of the nucleus. 1t 
has, m reahty, only one face. The multiplicity of models 
each of which IS not bad, yet unsatisfactory m one 
way or another, md1cates that though the nucleus IS 
a umty. It IS a very difficult one to grasp and 
comprehend. 

It 1s hke a dozen photographs taken under d1fferent 
hghtmg cond1t1ons and at different angles, but only of 
tmy snatches of the whole p1cture. Naturally, from these 
b1ts Jl 1s hard to form an 1mage of the whole 

In the case of atom1c nucle1. the pnnc1pal d1fficulty hes 
m the fact that we do not yet know enough about 
nuclear forces 

These forces don't bother about the charge of the 
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particles, they are operative only over short distances, 
and are very strong. We may add that, hke all 
exchange forces, they depend on the mutual directions 
of spm of the interacting particles. 

We shall get to know the nuclear forces better when 
physicists are able to peep mto the mterior of the 
nuclear particles themselves and comprehend their 
structure. Physics IS only Just approachmg th1s problem, 
which contains a whole new world of research, probably 
even broader than that concerned w1th atomic nuclei 
as such. 

Particles Fly out of the Nucleus that Were 
Never There! 

We already know how alpha particles and gamma 
photons get out of the nucleus. How do beta particles, 
ordinary electrons, come to be eJected? 

When physicists attacked that problem some th1rty 
years ago they were full of opt1m1sm. Just recently 
quantum mechamcs had found the explanation of alpha 
and gamma radiOaCtiVIty of nuclei, and 1t seemed that 
beta radioactivity wouldn't stand unresolved for long. 
But nature was m no hurry to give up 1ts secrets 
Even today, physics has not fully conquered 1t. 

The Impasse out of wh1ch quantum mechamcs can't 
seem to find a way 1s all the more exasperatmg smce 
beta radioactivity IS probably the most common form 
of decay of atomiC nucle1. Smce 1934, when Irene 
Curie and Fredenck Johot discovered artificial radioac
tivity produced in the bombardment of nuclei by 
neutrons, and especially after the advent of nuclear 
reactors made poss1ble mass-scale bombardment, new 
rad1oactive nuclei that had never been known on earth 
before came flowmg mto the hands of physicists. 
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Dunng the past quarter of a century, over a thousand 
new radtoactive isotopes have been artificially produced. 
And the majority of them emtt beta, not alpha, particles. 

The first and pnncipal difficulty in accounting for 
beta disintegratton was that electrons cannot exist m 
nuclet. Earher, when we were discussmg the proton
neutron model of the nucleus we suggested why this was 
so. Now we shall give the main reason why electrons 
should not be found in atomic nuclei. 

The pomt ts that the electron cannot fit mto the 
nucleus! An electron could be regarded as being in 
the nucleus if we could !.omehow dnve m the whole 
cloud of probabthty. But even for exceptiOnally high 
electron speeds when its energy ts of the order of nuclear 
energtes, the length of the de Broglte electron wave is 
sttll hundreds of times greater than the dimensiOns of 
the nucleus. And the stze of the electron cloud, as 
we have already seen m the case of the hydrogen 
atom, ts of the same order as the wavelength of the 
electron. 

There was no room for the electron m the nucleus 
also because tts spm, combmmg wtth the spms of the 
nuclear parttcles. would have produced mcorrect values 
of nuclear spm. 

Once convmced of this, phystctsts categoncally dep
nved the electron of a haven m the nucleus. But then 
how does it happen that electrons come out of the 
nucleus, when they were never there to begin with? 
The nucleus has very masstve parttcles that gtve btrth 
to thts extremely light electron. Ltke a httle bullet 
coming out of the muzzle of Btg Bertha 

A real wonder. thts nucleus. What is more. an electron 
flymg out of a nucleus vtolates two baste laws of 
physics: that of the conservatton of energy and of 
angular momentum. 

208 



The Electron Has an Accomplice 

In phystcs there are laws so fundamental that the 
enttre edtfice of science depends on them. These laws 
hold for all worlds and all phenomena. 

One ts that motiOn can neither be created nor destroy
ed. One type of mot1on can generate another type, 
motton can change form, can even become 1mpercept1 ble. 
But tt never vantshes. 

At the dawn of classical physics, science felt the need 
for some measure of motton. One felt tt necessary not 
only to descnbe mot1on but also to measure and count 
1t. Two new quant1t1es were mtroduced mto phys1cs: 
energy and momentum. 

And the proposition that motion 1s ne1ther born nor 
d1es found 1ts reflection in the mvanab1lity of total 
energy and momentum of bodies taking part in a com
mon actiOn. The reco1l of a gun, the heating of a 
workmg engme, pde dnvmg, and numberless other 
mstances - all meticulously obey two great laws: the 
conservation of energy and momentum. For rotational 
mot1on, a no less fundamental law was the law of 
conservation of angular momentum. Even figure skaters 
make use of th1s law When they bnng the1r arms 
together, rotatton speeds up 

We can well 1magme the consternation of phys1c1sts 
when 1t was found that the beta parttcles can have 
any energy value from zero to a certam max1mum. 
The nucleus, 1t will be recalled - and 1t was clear to 
all at that t1me - IS a quantum system and has defintte 
levels of energy. 

In other words. any process m the nucleus (an 
example of wh1ch IS the eJeCtion of a beta part1cle) 
can proceed only m such fashion that the nucleus 
moves from one definite energy level to another one. 
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Whtch of course means that the energy dtfference and. 
thus, the energy earned ofT by the beta parttcle had to 
be JUSt as defimte. 

Yet the spectrum of electron energy m beta dtsmteg
ratton dtd not exhtbit even the shghtest suggestton of 
hnes correspondmg to defimte energtes. Allthts stgntfied 
that either the nucleus, desptte the evtdence of all other 
processes, did not in the final analysts obey the quantum 
laws, or that beta decay of nuclet vtolated the law of 
conservallon of energy! 

And not only that law. The electron carnes out of 
the nucleus tis energy and tis spm, whtch IS inttmately 
bound up wtth the very essence of the electron. Then 
we find that after the ejectton of a beta parttcle the 
nuclear spm remams the same. But maybe the electron 
leaves tis spin m the nucleus after all. No. that 1s 
ab~lutely tmposstble That would be the same as an 
electron Without charge. a ptano wtthout keys, a scten
ttst without hts head! 

The reactiOns to all thts vaned. Some sctenttsts had 
so much fatth m the quantum laws of nuclear hfe that 
they proposed sacnficmg the law of conservatton of 
energy. They tned to dtsmtss tt as bemg only 'clas
sical'. 

Others saw that that would not do at all. The tdea 
was soon gtven up, yet there was sttll no way out of 
thts cnttcal sttuatJOn. Then Wolfgang Pauh stated. "The 
electron 'cnminal' has an accomplice .. What's he ltke'! 

In beta dtsmtegratton, the nucleus acqutres an ad
dtttonal posttive charge exactly equal m magnitude to 
the charge of the released electron. The nucleus becomes 
tomzed, as it were. Whtch suggests that the accomphce 
ts chargeless, electncally neutral. 

The accomphce should have a spm equal to that of the 
electron, but m the opposite sense. Both spms cancel. 
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y•eldmg zero. Then the spm of the nucleus. when an 
electron and Its accomplice are eJected, remams the same, 
as required 

Fmally. the electron and its mate carry otT an energy 
equal to the maximum energy that electrons are capable 
of m beta decay of the nucleus 

This maximum energy 1s quantized. that 1s. It I'i 
exactly equal to the d11Terence between the two energy 
level!. of the nucleus pnor to and followmg beta decay 
But this energy can be d1stnbuted between the electron 
and Its accomplice m any way The diVISIOn process 
IS not governed by quantum mechamcs and no restnc
tiOns are Imposed on It. 

Thus. quantization of energy m nuclei is preserved 
and the laws of conservation of energy and spm are 
not v1olated Quite an mgenious way out of the Impasse 
was found by Pauli 
• Vet there 1s one more snag. The electron 'thief is 
caught Immediately. while Its accomplice 1s exasperating
ly elusive. "Well. what d1d we tell you?" say the skeptics 
And physiCists try their last card· mduectly they cal
culate the one remammg feature of the accomplice, 
Its mass. An exact calculation IS Impossible. but It may 
defimtely be stated that It Is neghg1bly small, at least 
a thousand limes less than the electron mass 

The phenomenal partner was at last found, but 11 
had no charge and the mass was practically zero. all 
tt had was energy and spm The absence of charge 
made 11 look like the neutron. discovered JUSt shortly 
before Only 11 was hghter by a m1lhon times So they 
gave 11 the d1mmut1ve name 'neutnno', or lltlk neutron. 

These two particles have nothmg m common Neutrons 
actively mteract with protons. colhde With them and 
form close-kmt atomic nuclei. The neutnno? A bodyless 
spmt CalculatiOns say that a neutrmo can pass through 
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the entire visible umverse - mtlhons of hght-years - and 
never gtvc a stgn of 1ts extstence. It would appear never 
to mteract w1th anythmg. 

Runmng ahead a btt, we mtght add that the neutnno 
was finally and defimtely estabhshed by mdtrect evtdence 
just a few years ago. The s11uat10n m the theory of 
beta decay was essenttally the same as 10 the theory 
of nuclear forces The latter hung 10 the balance for 
ten years until proof was found m the form of pi
mesons. The theory of beta decay advanced by Pauh 
together wtth the ltahan phystctst Fermi was unresolved 
for a quarter of a century! 

Let us now return for a moment We've sttll got 
to find out where the electrons come from that tly out 
of the nucleus 10 beta decay. 

Electrons are Born in Nuclei 

We have already got used to the fact that marvels 
occur at every step 10 the world of ultrasmall th10gs. 
In the next chapter we shall have to do with an 
absolutely umversal event, the mterconvers10n of par
ttcles We see that for the mtcroworld, interconverston 
1s JUst as natural and commonplace as the relattve 
constancy and stabthty of thmgs in our btg world. 

We are already acqua10ted w1th one such conversion -
the mutual transformation of protons 1010 neutrons and 
of neutrons into protons that hes at the heart of 
nuclear forces. In th1s process, a proton that has em1tted 
a pos1t1ve p1-meson converts 10to a neutron, whtle a 
neutron converts 10to a proton upon captunng a meson 
But, as we recall, the neutron may emu a negative 
p1-meson and convert 10to a proton. 

Maybe 11 1s th1s meson that comes out of the nucleus 
10 beta disintegration No, prec1se measurements of mass 
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have shown that thts does not occur The nucleus 
eJects not a pi-meson but a parttcle two hundred and 
some ttmes lighter, the electron. Under the condttions 
of beta dtsmtegratwn mesons never leave the nuclet. 

We shall have to go ahead a btl once agam. A few 
years after the d1scovery of the neutron, phys1c1sts 
established that thts cornerstone of atom1c nucle1 was 
an unstable part1cle A free neutron outs1de the nucleus 
converts mto a proton m an average of JUSt about 12 
minutes after Its b1rth. It IS m th1s transformation that 
an electron and a neutrmo are em1tted 

The solutwn to beta decay now seems close at hand. 
Aren't these the two part1cles that come out of the 
nucleus') They certamly are. But a neutron m the nucleus 
is no free neutron. A nuclear neutron should turn into 
a proton m qUite a d1fferent way. 

St1ll, 11 seems a shame to g1ve up th1s tra1l that took 
so much effort and ttme to find m the maze of beta 
decay Maybe the neutron m the nucleus can become 
free for JUSt a moment or two. 

No, not even for a moment. to say nothmg of twelve 
mmutes. But we recall that nucle1 wh1ch emit beta 
part1cles are etther themselves unstable (for mstance. 
the masstve nucle1 of elements towards the end of the 
Penodtc Table) or are put mto an unstable state by 
neutron bombardment. Now the emtsswn of beta 
parttcles ts nothmg uther than an attempt of the nucleus 
to pass from an unstable state to a more stable state 

A leamng wall may be held up by outstde supports 
In the atom1c nucleus everythmg IS done from withm, 
and much better too. We have had occasiOn to compare 
protons wtth the butldmg stones of the nuclear edtlice, 
and neutrons with cement that holds them together in 
a firm structure. But what do we do tf the butldmg 
ttsclf 1~ not so sohdly constructed or tf 11 experiences 



a strong blow from outstde - for mstance. the tmpact of 
a neutron? 

Nature restores eqwhbnum by convertmg cement mto 
stones tf there ts too much. and stones mto cement. 
tf they are 10 excess and thre<oten the nuclear house 

These transformatiOns take place wtth the e_1ectton 
from the nucleus of ·surpluses' or 'ddic1ts' of charge. 
A proton bnck chang10g 10to neutron cement gets nd 
of charge and e_1ects tt m the form of a pos1tron (the 
postttvely charged mtrror tmage of the electron). When 
a neutron turns mto a proton. 1t eJects an electron 
and thus mcreases the total charge of the nucleus 

How fast do these transformations take place? Not 
m 12 mmutcs We have already sa1d that the pos111on 
of a neutron m the nucleus IS rad1cally different from 
the cond1ttons under wh1ch its free cousm hves Some
ttmes the cond1ttons 10 the nucleus are such that tt 

cannot stand the unstable state for even thousandths 
of a second 

Sometimes these condtt1ons 1nhtbtt the decay of a 
neutron or proton Then the nucleus hves a long ttme 
before beta decay starts up. a very long ttme. some
ttmes as long as hundreds and thousands of years on 
the average Generally speak10g. there 1s nothmg very 
remarkable 10 that - the It\ mg condtttom of the nuclear 
particle~ are JUS( as dtvcrse as the numher of d1fTl"rent 
standardtzed nuclear structures. 

At present. quantum mechantcs cannot predtct ac
curately the mean ltfettme of beta-rad1oacttve nucle1. 
This ts due not only to our very approxtmate knowl
edge of nuclear architecture (whtch. in the linal analysts. 
amounts to a knowledge of nudear fnrces) The pomt 
ts that quantum mechan1cs 1s not yet able to account 
10 some reasonable way for the very fact of dtsmtegra
tion of a free neutron 



Underlymg th1s d1smtegrat1on are some marvellous 
forces, the d1scovery of wh1ch m recent years has revo
lutlomzed many concepts of phys1cs. But we shall talk 
about them in the next chapter. 

The Hungry Nucleus 

Let us come back to some very mteresting features 
of beta decay. One of them IS that nucle1 do not 
always eject only electrons. 

It sometimes happens that the m1rror images of 
electrons fly out of the nucleus. They differ from 
electrons m only one way- m electnc charge; they are 
positively charged. It IS even more difficult to account 
for this type of beta decay (wh1ch, mcidentally, is less 
frequent than the ordinary electron-ejection decay). 
A neutron cannot throw out positive electrons. A proton 
could do th1s and turn mto a neutron. But, unlike 
a neutron. a proton IS absolutely stable with regard to 
beta dismtegration. 

And agam we come up against the question: How 
can part1cles that were never in the nucleus come out 
of 11? The situat1on now seems to be even more dif
ficult. We can understand where electrons come from -
from the nuclear neutron. But where do the pos1t1ve 
electrons - pos1trons - come from? 

The answer has been found. but we will have to put 
th1s d1scuss1on otT till our next chapter. Just a little 
more pat1ence. If It w1ll help any, we can say that the 
final stage is going to be really excitmg. A little patience 
1s all that is needed. 

To pac1fy the reader we'll tell a httlc story about 
how the nucleus eats electrons out of the atom1c cloud. 
PhysiCists named th1s ferocious behavwur 'electron cap
ture'. 
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But how 1s this possible? At the very beginmng of 
the book, we said that the quantum laws of atomic 
hfe discovered by Bohr md1rectly reflect the impos
Sibility of atom1c 'suicide'. For th1s purpose orbits were 
mtroduced so that electrons would not lose energy by 
radiation and would not fall mto the nucleus 

In hght atoms where the nuclear charge 1s small 
and there are few electrons, the prohibitions of quantum 
mechamcs are stnngently adhered to: the electron 'cloud 
of probability' does not get mto the reg1on occup1ed 
by the nucleus. But in heavy nucle1, the very deepest
lymg electrons (m shells closest to the nucleus) find 
themselves m qu1te d1fferent cond1t1ons. 

On the outside they are repulsed by large numbers of 
electrons, from the mside they are just as strongly 
attracted by the heavy pos1t1ve nucleus. The electrons 
can't stand that amb1valent act1on for long. Electron 
clouds begm to push mto the forbidden zone. A slight 
probabl11ty appears of atomic electrons finding them
selves m the nucleus. And 1f there is a probab1hty, 
sooner or later m some atom nature w1ll realize 1t. 
Th1s IS the capture of an electron by a nucleus. 

Now that we've got an electron in the nucleus, what 
happens? The charge of the nucleus will d1m1msh by 
one unit, as m the case of positron beta decay. And 
the spm? The spm of the nucleus w1ll remam the same, 
even though it rece1ved an extra portiOn from the 
electron 

If that 1s the case, then only one conclusiOn is pos
Sible: the spm brought 10 by the electron 1s carried 
out of the nucleus by another parttcle - the old partner 
of our electron, the neutrmo. The difference now IS 

that 1t 1s not released m a team w1th the electron but 
appears when an electron disappears 10 the nucleus. 

And so the only Witness to the ·murder' m the atom1c 
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mtenor ts a neutnno, that elustve incorporeal sptrtt. As 
we know. to interrogate thts guy ts excepttonally dtf· 
ficult, well ntgh tmposstble 

Yet m recent years that has been done. And here's 
how Our ·wttness· can colhde wtth another nucleus and 
convert a proton into a postttve electron and a neutron, 
whtch ts the mverse process of what we are gomg to 
dtscuss in the next chapter. It's called mverse beta 
decay. 

To try to experiment wtth single neutnnos ts hopeless. 
The only way ts to collect whole arm1es of them. 
Then perhaps a few w1ll be caught. 

That ts exactly what was done when nuclear reactors 
began producmg powerful fluxes of neutrons. When 
absorbed in the walls of the reactor, they mduce artt· 
!ictal radtoacttvtty. No small contributton ts made by 
exctted nuclet too, the fragments of dtstntegratmg 
nuclet. 

Thts ts beta radtoactivtty. A nuclear reactor generates 
enormous quanllttes of neutrinos every second; wtth 
the greatest ease the) pass through the reactor shtelding 
that holds tn neutrons and gamma rays 

Near our reactor was a very large scmtillation counter. 
It was filled wtth a ltqutd (toluene) whtch contamed 

an abundant supply of hydrogen nuclet and sctntll
lated when gamma photons appeared. The posttrons 
generated tn the capture of neutrmos qutckl) combmed 
w1th electrons tn the atoms of the liqutd, yteldtng energettc 
gamma photons where they merged (for more detatls 
about thts exctttng event. see the followmg chapter). 
That is when the counter produced tts lirst sctnttlla
tton 

To facthtate neutron capture. chemtcally pure cad
mium, whose nuclet avtdly absorb free neutrons, ts add
ed to the liqutd Here too, neutron capture ts ac-
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companted by the em1ssion of gamma photons and 
produces scmtillatJOn. 

Thus, two scmt1llat1ons separated by an interval of 
a milhonth fraction of a second should g1ve some clue 
to the expected phenomenon. 

And these double flashes (wh1ch are very mfrequent -
only a few durmg many hours of reactor operation) 
were actually recorded There could be only one cause: 
the collision of a neutrino and a proton to generate 
a positron and a neutron. Thus, a quarter of a century 
after Pauh advanced h1s hypothesis one more particle 
of the m1croworld, born at the pomt of a pencil, was 
1denulied. 

Subsequent investigations showed that the neutrmo 
1s mdeed one of the most remarkable of·all micropartlc· 
les. But that 1s a later story. 

Th1s completes our Journey w1th quantum mechamcs 
mto the nuclear world. There are st1ll many tangles 
and snags and pitfalls, m fact, no end of them. 

We are now gomg into a st11l darker world, that of 
the elementary particles of matter, a world wh1ch 
mamfests most clearly the regulant1es and laws that 
have been reflected in the wave properties of part1cles 
of matter and the matenal properties of waves. 



From atomic nuclei 
to elementary particles 

The Discovery of a Ne"· World 

What, would 1t seem. could be more sohd and stable 
than an .ttom1c nucleus? It IS unaffected by h1gh pres
sures, extreme temperatures. enormous electric and mag
netic fields The strongest bmldmgs of nature arc nuclear 
structures. That was what physicists thought. 

The development of sc1ence has smce modified that 
Idea quite substantially. Most heavy nuclei have proved 
to be very unstable. Even among the hght and medium 
nuclei there were quite a few feeble structures. Gradual
ly, It emerged that as nature lays the bncks tn nuclear 
structures, the slightest deviations in the proportiOns of 
protons and neutrons m the nucleus make for mstability. 

At the same time, m order to account for the observed 
emission from the nucleus (dunng d1smtegrat10ns) of 
particles that had never been ms1de it, science had to 
presume that a neutron m the nucleus could convert 
mto a proton, and v1ce versa. Th1s led on to the Idea of 
a neutnno. 

The stability 1tself of the nucleus was, 1t appeared. 
due to a new part1clc called the pi-meson. In the search 
for this particle, phys1c1sts d1scovered the mu-meson. 
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Gradually, 1t dawned on sc1ent1sts that the world of 
buildmg stones that make up atoms and theJr nucle1 
was not qu1te so mvanable and stable as had been 
thought. In the depths of the atom and m the st11l 
greater profundities of the atom1c nucleus. mvest1gators 
encountered events that outmarvelled all the pred1ct1ons 
of quantum mechanics. 

But quantum mechamcs coped w1th th1s new Situation 
too. Its remarkable capac1ty for pred1ct1ons flowered 
m the new world of elementary particles. Skept1cs were 
thunderstruck as each new pred1ct1on was bnlhantly 
corroborated by expenment. Th1s was all the more 
remarkable because each new step m the ultramlcro
world was a contrad1ct1on of common sense. 

Common sense, indeed! Sc1ence would still be crawhng 
along at a snad's pace 1f sc1ent1sts were gu1ded solely 
by everyday common sense. 

The most extraordmary d1scovenes are usually made 
when common sense goes topsy-turvy. The true essence 
of many things hes not on the surface but deep down 
The commonplace and the obvious are frequently decep
tive The word 'frequently' becomes 'always' when science 
delves mto the fantastiC world of the ulrasmall. 

Let's go back to the year 1928. The new world 1s 
JUSt begmmng to unfold. We have learned of two particles, 
the proton and the electron. Quantum mechamcs 1s 
only three years old. True, 1t has been very success
fully solvmg one emgma after the other We have at 
last properly grasped the hydrogen atom, the formation 
of hydrogen molecules, the tunnel effect ha~ JUSt helped 
us to understand the em1ss1on of alpha particles by 
rad1oact1ve nucle1. We still know practtcally nothmg 
about nuclear and other part1cles. 

Then along comes a young Enghsh physic1st, Paul 
D1rac (how young mdeed they all are· Schrodmger 38, 
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He1senberg 2M, and D1rac 25), and says that the suc
cesses of quantum mechanics may turn out to be short
lived, for th1s theory grew out of classical phys1cs wh1ch 
descrtbed only relat1vely slow mot1ons of bodies. 

Yet, can we constder the motion of an electron 10 

an atom slow even 10 the old Bohr theory. when an 
electron orbits the nucleus m1lhons of mtlhons of ttmes 
every second? In hght nucle1, an electron has veloc1t1es 
of the order of thousands of kilometres per second, m 
the heavier nucle1 velocities me to hundreds of thou
sands of ktlometres per second. 

Defimtely not slow! Which means we've got to extend 
quantum mechamcs to these fast motions of atom1c 
particles. But how? 

About twenty years earher, a theory appeared wh1ch 
dealt prec1sely with the fast mot1ons of ordinary bod1es. 
It was called the special theory of relativity. The author 
was Albert Einstem 

D1rac concluded that the way to extend quantum 
mechamcs to the fast motions of micropartlcles was 
by combtntng Jt With the spectal theory of relat1vtty. 

The Invisible Dividing Line 
In th1s small book we cannot, of course, gtve a detatled 

descnpt1on of the theory of relativity. It would require 
another whole book of 1ts own, so we shall take a look 
only at what 1s d1rectly connected w1th our story. 

F1rst of all. let us figure out what IS to be termed 
fast and slow mottons. In ordtnary hfe th1s IS fa1rly 
clear: a snail's pace 1s slow and a jet a1rcraft IS fast. 

Subjective·~ Yes. But the measure of slowness and 
fastness was man's movements, the way he walks or 
runs. 
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But take a long look at a fast tram tn the dis
tance - how slow 1t mo\es Or a Jet plane far off tn 
the sky, again slow. Even an artlfic.al satellite doesn't 
seem to move fast. fast and slow are relat1ve concepts, 
very much so. m fact. 

Phys1c1sts were not satisfied w1th such notions. 
They needed some kmd of constant measure of 
veloc1ty not connected w1th human bemgs. so that 11 
could be used to evaluate all other veloc1t1es of motwn. 

Maybe take the speed of the earth tn 1ts orb1tal 
progress about the sun'? Not so bad. generally speakmg. 
But smce man has penetrated telescopically deep mto 
space, 1t would be better to lind a measure not con
nected w1th the earth or the sun or, tn fact, With any 
spec11ic astronomical body. Somethtng applicable to any
thmg tn the umverse, umversal. 

Nature grac1ously oiTered the veloc1ty of propagation 
of electromagnetic waves tn vacuum, the velocity of 
hght photons m empty space. Th1s speed 1s roughly 
300,000 kilometres per second and 1s the greatest of 
all known velocities. 

There is nothmg faster. all motwns relative to that 
of hght are slower. Phys1c1sts use the term 'fast' for 
those motwns wh1ch are close to the velocity of hght. 
Th1s 1s a rather arbitrary diVISion, actually only a con
ventiOn, but there IS profound meanmg m 11 

As velocu1es approach that of hght, the properties 
of the bod1es begm to change substantially and 
unexpectedly, espec1ally objects cons1stmg of large num
bers of part1cles. Here. 1t 1s easy to account for such 
changes. 

One obvwus change 1s the mcrease tn mass of a body 
as 1t approaches the veloc1ty of hght. The closer 1t 
gets to th1s velocity, the greater the mcrease m mass. 
Outwardly, th1s IS seen tn the fact the body begms to 
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res1st the force that is mcreasing 1ts speed. As a result, 
a greater and greater force has to be applied m order 
to build up the speed of the body. 

But there 1s no force great enough to make it move 
w1th the veloctty of light. The theory of relat1vlly states 
that no matenal body can be made to move at that 
velocity. By matenal body we mean any body (or as
sembly of particles) that can be at rest. Photons, as 
we shall see later on, cannot be at rest, and so the theory 
of relativ1ty does not apply to them. 

In the language of mathematics, th1s 1dea 1s expressed 
by the famous equation 

mo 
m(r) = _"0: 

~{.2 

Here, n~v) is the mass the body has when moving with 
a veloc1ty of r; m0 IS the so-called rest mass wh1ch the 
body has when 11 IS not m motton, and c IS the velo
city of hght 

From th1s relat1onsh1p 1t is clear that as L' approaches 
c, the denommator dtmmishes, first slowly and then 
faster and faster. Accordmgly, ~~~r) mcreases, smce m0 

1s a constant quant1ty independent of the veloc1ty. Fmally, 
when v equals c, the mass of the body m(c) becomes 
mfinitely great. In other words, the body should have 
an mlimtely great mass. 

It is obv1ous that only an mfimtely great force could 
do such a thmg. But nature knows no such mlintte mass 
or inlimte force. The umverse as such is inlimte, but there 
are no other inlimt1es m 11. 

We have already sa1d that th1s formula cannot be 
applied to photons. Rather, It doesn't y1eld anything. 
Photons cannot be at rest. We can say th1s differently: 
the rest mass of a photon IS zero. Puttmg th1s value 
for m0 into our relatwn, we find that for a photon 



velocity equal to c, the mass m(c) would be 0/0. 
Mathematics says that th1s is indeterminate, wh1ch means 
it can have any value whatsoever. 

That 1s exactly the case, as we shall see later on: 
the mass of a photon can be anything, large or small. 
But 1t exists only when t• = c. All of th1s means that 
photons can move only w1th the velocity of light. 

That's the veloc1ty of light, for you! No matenal 
parllcle can have it and at the same time no photon can 
have any other velocity. And so the velocity of light 
1s an unsurmountable barner between matenal partiCles 
and photons. 

Why don't we not1ce the mass mcrease pred1cted by 
relativity theory m ordmary hfe? Let us examme the 
escape velocity of a rocket movmg at 1 1 kilometres 
per second. We calculate the mcrease in mass over the 
rest mass It has on earth. If 11 we1ghed 100 kilograms 
on earth, the 1 1 km/s veloc1ty would mcrease its mass 
by 0.35 milligram! 

But 1f we get the speed up to 250,000 km/s, 1ts 
mass wdl mcrease more than tw1ce over the rest mass. 
That is what happens to charged atomic particles ac
celerated to h1gh veloc1t1es m speetal machines called 
particle accelerators. That IS what des1gners have to 
keep in mmd when constructmg such devices. 

A Bit More about the Theory of Relativity 

Changes m velocity that bnng bod1es close to the 
speed of hght have other things in store for us. The 
mass changes and the very course of time itself IS 

altered. Phys1c1sts call 11 the proper lime of the body. 
Our bod1es have the1r own 'clocks', as 1t were. They 
uck m step w1th the rhythm of the vital body proces
ses. 
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On the other hand, we get up, go to work, and go 
to bed in accordance with the 'general' time, the time 
of ordmary clocks, wh1ch are geared to the alternatiOn 
of day and night, to the rotation of the earth on 1ts 
ax1s. 

"How fast t1me 1s flymg", or "How t1me drags on"
that is our own time we are talkmg about, our subJeCtive 
time geared to our bod1ly functions. Yet there 1s an 
objective s1de to th1s too. The faster the rhythm, the 
faster the t1me. 

There IS a very defimte analogy of th1s m relativity 
theory. Relativity theory states that the faster a body 
IS movmg, the slower 1ts proper t1me flows. so that 
the body v1ews 'general' t1me as flowing faster. 

This 'clock paradox' is fam1har talk today because 
of mterest in long-d1stance spaceflights. In science-fictwn 
stories, astronauts movmg in photon rockets at veloc1t1es 
close to that of light return to earth after a cosm•c 
voyage of. say. 10 years, and find that their friends 
have aged tremendously. "How the years flew by," they 
say. Wh1ch IS true, because on the spaceship the 
proper time flowed more slowly that on the earth. 

What we have descnbed about the time may be 
expressed mathematically as follows: 

t(v) = t 0 VI- v 2/c·2 

Here, t(v) 1s the ume proper of the astronaut's watch, 
t0 IS the ttme reckoned on an earth clock. The other 
quant1t1es m the equation have the1r ordinary meaning. 
From th1s formula tt follows that for photons movmg 
with the veloctty of ltght, ttme doesn't move at all! 
If we could put a clock on a photon, t1me would stand 
st11l - the clock wouldn't go. 

Relat1ve theory has other paradoxes, but we shan't 
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deal with them here. We have one more equation that 
will play a very Important role later on. Th1s is the 
famous Einstem equation 

Eo= moc2 

Here, E0 is the energy of a statiOnary body with rest 
mass m". To d1sunguish it from the kmet1c or potential 
energy. we call it the rest energy or the ent'rgy proper 
of the body. 

It will be seen that 1t is mdependent of e1ther the 
veloc1ty or the pos1t1on of the body. Class1cal phys1cs 
knows only two types of energy. Th1s new type has no 
place m classtcal phys1cs. Jt 1s something very speCial 
that w1JI be taken up a btt later. For the oresent let 
us return to relatiVIty tht>ory and how 1t was mtroouced 
mto QUI\ntum mt>ehamcs. 

The First Difficulties 

So we have Dtrac trying to combme the two greatest 
theones of the twentieth century. Th1s new 'alloy' should 
strengthen the quantum theory m the face of an onslaught 
of new facts from the world of the ultrasmall. 

The Schr6dinger equation was a quantum mechanical 
passkey to all kmds of safes of nature. But certam facts 
1t couldn't handle, so ways were sought to 1mprove it. 

It was soon found that to hnk th1s equation With 
the theory of relativity was no easy JOb. The first thmg 
that Dirac thought was that the mod1fied equat1on 
would y1eld relativistically mvanant solutions. (The future 
showed he was not exactly nght. But who knows, if 
1t hadn't been for this 'happy' error, D1rac might have 
passed by a remarkable d1scovery !) 

RehltlVIStlcally invariant - ternfymg words these. Ac
tuallv, a frightenmg sentence to all physical theories. 
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A theory with this label can be thrown out, it is simply 
no good. 

The gist of the matter IS this. Have you ever tried 
playing ball on a boat? Try to imagine playing ball on an 
airplane. ls there any difference from the game on the 
ground? That's right, there isn't. True, with one proviso; 
the boat or plane must be in uniform mot JOn at a constant 
velocity. 

There is no way of distinguishing rest from uniform 
motion, no matter what the speed. Without the alter
nation of day and mght we wouldn't be able to perceive 
the motton of th':! earth on its axis. Without the change 
of seasons we wouldn't know the earth was moving 
round the sun. Strictly speakmg, the latter two examples 
are not exactly true, because rotatiOn is always ac
celerated motiOn. But in our case the acceleratiOns are 
so msignilicant that we can regard both motions as 
uniform. 

All the motwns of bod1es in a spaceship moving w1th 
a velocity close to that of light should not d11Ter from 
those on the earth (1f, of course, the grav1tauon 1s the 
same, that is, if it has been artific1ally produced m 
some way on the spaceship). And since the motions of 
bodies do not depend on the velocity of the reference 
system used to reckon their positiOns in space and time, 
whether it 1s the earth or a spacesh1p, the laws of motron 
of these bodies must also be mdependent of the system 
of reference. 

In all reference systems, no matter with what velocity 
they are movmg umformly relative to one another, the 
equations of the laws of mot1on must be the same. In 
other words, these equations must be mvanable relat1ve 
to d11Terent veloc1ttes. 

These words 'invariable relat1ve to' are translated into 
the langua~e of physics as 'relativistically mvanant'. 
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Their grim meaning IS this: if an equat1on states that 
m a spaceship moving with a veloc1ty close to that of 
light a ball descnbes a hyperbola, while on earth it 
describes a parabola, then the equatiOn is faulty and 
has to be discarded. 

That is what happened when attempts were made to 
modify the Schrodmger equauon. 

An Unexpected Discovery 

In his search for a way out, D1rac proposed an 
unusual thing - he introduced into the Schrodinger 
equatiOn four wave function in place of one. The re
sultmg equation was quite unlike the onginal one. But 
the new equation y1elded excellent rclativtstJcally mva
riant solutions. 

There were four solutions, according to the number 
of wave functions in the equation. But how are we to 
comprehend four 'probabilities' for an electron m place 
of one? 

The meaning of the first two solut10ns would probably 
have remained obscure for many years 1f electron spm 
had not been d1scovered three years before 

So the first two solutions of the Dirac equatiOn cor
respond to the two poss1ble senses of electron spm 
relative to the d1rect10n of motion of the electron. The 
spin was calculated from th1s solutiOn and It proved 
to be m excellent agreement w1th expenment! 

Now we'll have to talk a little more about spin. 
F1rst of all, spm corresponds to some sort of mot1on 
of the electron w1th a veloctty close to that of hght. 
Indeed, if for a moment we try to mterpret spm as 
the result of an electromc 'rotation on 1ts own axts' 
(we have already said that such a notiOn IS completely 
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wrong), it will turn OUL that the velocity of the electron 
in this 'rotatwn' is only the smallest fractiOn of a per 
cent less than the speed of light. 

It stands to reason that the motion which we have 
in view when speaking of spin has nothmg whatsoever 
to do with the ordma:y motion of an electron in 
ordmary space. The spin of an electron is in no way 
dependent on ordinary motion. It exists irrespective 
of whether the electron IS moving fast or slow or is 
at rest. The value of the spin is always the same. 

The spm is JUSt as intnnsic a property of particles 
as, say, their rest energy. If we change the spin, we 
change the type of particle. We'll be returning to this 
a gam. 

How is spin manifested? A little was sa1d about this 
when we discussed atomic spectra. As far back as the 
end of last century, 11 was found that if a substance 
IS mtroduced mto a magnetic field, its spectral lines 
get split into various numbers of fainter lines. It was 
later estabhsbed that a similar sphttmg is expenenced 
by the spectral lines of the atoms of all elements. 

An understanding of the nature of this phenomenon 
(called the Zeeman effect) and especially the reason for 
lme sphttmg mto different numbers of 'satellite' lines 
was obtamed only m 1925 when two young physicists 
Uhlenbeck and Goudsm1t mtroduced the notion of spin. 

Subsequent reasoning went hke this. The electron 
has spin, that is, m the fmal analysis, angular momentum. 
The ongm of it does not mterest us yet; the important 
thmg IS that 11 corresponds to some kind of motion 
of the electron. But electron motiOn is electnc current -
current due to a single particle. 'Real' current Is 
produced by the motion of large numbers of electrons. 

Current, as has been known for over a century, IS 
capable of magnetiC action. Put otherwise, an electron 
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may be ptctured as a mmute constant magnet. lf an 
elementary magnet of this kmd 1s mtroduced mto 
a magneuc field, it will orient Itself in the held. 
In the stmplest possible case we have two ouentattons: 
one w1th the magnetic field (absolutely staole), and 
the other counter to the field (absolutely unstable). 

Now what ts stllbtlity? When a magnet aligns 1tself 
witn the fiela, ns potenual euergy in the fteld is 
a nunuuum. in the coumer-lield case, the e1tetgy is 
a maXUIIUm. 

What q uanlitauve dlli'ereuce 1s there oetween the 
energtes? This ca11 be easily calculated aud cot,verted 
to a differenu: of wavelengths of pnotons euutted 
m an atom by eiectrons wtth spms wtth and counter 
to a magnettc f1eld. 

The11 1t appears that all doubled spectral hnes are 
spin exactly the number of t1mes yielded by the two 
opposne onentat1ons of eiecLrun svm! 

The next qucsuon ts about the 'fat' lines that have 
spht up mto three, fot1r a11d larger numbers of satellites. 
The two orientatiOns of spm yield only a pa1r of 
satellites! A11d there cot~ldn't be any more because 
the electronic magnets juu.p stra1gnt through to the 
most stable po:.:tion. 

At th1s pomt we recai1 ti1at the eieciron !Jarttctpates 
m the new motion ti:tat prO<iucts spm arad 1s aiso 
m orbit about the atomic taucif.tJS. AcLUaily, the orbital 
mottun IS also a G:JC.SI mo~toal of so.-ts. The notton 
Of a 'cJOUO Of j';.:>oabthty' OO<:S hOl J:.ot-imit u~ to ti11nk 
up a n.ore ptctvnal nnabe of electron r..ouvn m the 
atom. 

Stdl, 1t ts mo~wn, a iono ol unuary ctJart.nt, and 
the acuon tt produces resembles that of a swail n.agnet. 
Thmgs are nov. fatrly con1phcaied: an elec.ron m an 
atom 1s bke a double mabnet. 
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How does such a magnet behave m a magueuc held? 
Strangely enough. ln place of two onemauons we 11ave 
three, four and even larger numbers. As the elehlentary 
magnet of the elecLron passes from a less stable 
onentauon to a mote stable onentalion, it cll.n co.ne 
to a stop at a numOt:r of intermediate posnwns. 
The energtes of these vosiuons are mtegral fraclJons 
of the maxunum energy between the extreme posntons 
of the magoet. Which means that these are very definite 
energ1es separated by quantum mtervals of a spectfic 
magmtude. Physlctsts called th1s phenomenon of definite 
onentatwns of electron magnets m atoms m a magnetic 
f1eld 'space quant1za11on'. 

Now the rest becomes comprenensiole. A spcciral 
lim: splits mto JUSt as 1nany satellite hues as there are 
onentattons that can be assumed by the electron 
magnet. Calculations of d1lferences of satellite wave
lengths hkewise exhtbit excellent agreement wtth 
experunent. 

For the tune bemg that 1s enougn about spm, wi11ch 
came up so suddenly from D1rac's equation. The equa
tion has two more solutions. 

A Stiil More tJnexvecled Discol'cry 

These two soiutwns ai·e very much ahke, Just as 
the first two corresponded to oppos1te onenlatlons of 
electron spm. 

Here, too, we nave two opposites: one of the 
onen.atluns corresponds w pusill~e total electron 
enetgy and the other to ne~auve total eiectron euergy. 
Nothmg surpnsmg. you say, we ilave already seen that 
the total energy can have either s1gn, depenoing on 
whether the electron IS m iree fhght or is as:.ociated 
With other particles, as m an atom. 
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But the Dirac equation IS wntten only for a free 
electron! 

"Hhm !" So the D1rac electron is free and bound 
at the same t1me. Nonsense! 

Dirac himself reahzed that this was nonsense. 
The Simplest thmg, of course. would be to discard 
what you don't need, JUSt like one does when he gets 
20 square metres plus or mmus for the area of a room. 
The negative value runs counter to common sense. 
So we could reJect the negative energy of a free 
electron as bemg physicdlly meamngless. 

However, D1rac d1d not hurry to do this. Like 
the Enghshman that he was, he may have been full 
of common sense. But as a suenust he went to look 
for the ongin of the nonsense. For It might be that 
even nonsense has some meanmg. 

Dirac finally came up with an exc1tmg 1dea. It might 
be that the 'crazy' solution belongs not to an electron 
but to some other parllcle with charge opposite to that 
of the electron. The electron charge is negative, so this 
particle should have a positive charge. Both should be 
equal, however, m absolute value. Dirac thought that 
the proton m1ght do, but It was soon found that 
the negative energy had to belong to a particle With 
mass exactly equal to that of the electron. The proton 
would definitely not do, for 11 was nearly two thousand 
t1mes more mass1ve than the electron. The only 
poss1b1hty was a mirror image of the electron. 

However, this p1cture doesn't ex.plam the negallve 
total energy of such a positive particle. If the energy 
1s negative, that means the partJcle IS bound to 
something. The electron IS absolutely free, all other 
particles, upon solutiOn of the equatiOn, are removed 
so far away that electrical interaction can be dJSregarded. 
The electron is alone in motion m a boundless and 
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absolute vmd. Where then do we get this second, 
positive, particle, the mmor Image of the electron? 

At this pomt Duac got the craziest notion of all. 
The void, the vacuum, which does not contam a single 
particle except the sole electron, IS not empty at all! 
Quite the contrary, It IS filled to overflowing with 
electrons! The positive mirror Image of tire electron 
is a hole in a filled emptmess! 

Madness, complete madness, yet there IS an audacity 
here that saves things. 

What do we call space m which no instrument, no 
matter how sensitive, will ever be able to detect a single 
particle? Empty! 

Now take it easy. Suppose It contams particles that 
cannot interact With the instrument. Then even if the 
space is loaded with particles, you Will continue to call 
it empty space. 

True enough, but how can particles be divested 
of their ability to Interact? Doesn't that contradict 
their very essence? 

Conclusions can wa1t a bit. Let us first try to probe 
the structure of a metal with a weak clectnc field. 
We detect current and we say that the metal IS filled 
With free electrons. However, 1f we confined ourselves 
to this single expenment we would get a wrong concep
tiOn of the metal. For there are still atoms there 
whose electrons cannot mteract With, say, an ammeter. 
These electrons reside m atomic levels, in a 'well'. 
And they are not able to get out so as to mteract 
With the measunng mstrument because they haven't 
energy enough. 

Of course you will say that With a different mstrument 
and m a different cxpenment 11 should be possible 
to find atoms and even atomic nuclei m the metal, 
whereas a vacuum IS not detectable hy any kmd 
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of IIISfl Uliieot. t1e11ce, tnt:re IS notnmg m 1t and there 
can't be auythmg. 
~o says conunon sense. Dirac says dtffert:ntly. 
The vacuu.n is comlJietely filled w1th electrons. 

The ent1re umve•se takes part in the fonnauon of 
a uruhed vacuu.n of mnmte extent. lnfimte quanuries 
of elec,rous m 1t fiil mfimtely g•eat numbers of 
ene1gy levels of tne vacuum, fonmng a umhed and 
interceiateo assemoly of parttcles. In accord wtth Pauli's 
pnhcipie, euco level can accommodate two eiectrons 
with opposite SJ.IlDS, and no utore. 

The common 'umversal weli' m which tne electrons 
are located is both capac1ous and cieep. Its top energy 
level hes at the energy <itstauce of m0 c2 from the zero 
of totai energy dowuwards. And so all the electrons 
m the vacuum must have negauve e11ergJcs. 

No mstruments can detect these vacuurn eiectrons 
unttl tney JUmp out of toeir well. Obv10usly, the first 
thmg to do IS impart to them an energy of m0c2• 

Yet that is not enc.ugh. We have already seen that 
every part1c:e, whet:ter at rest or m motion, has a proper 
ene:-gy moc2• 

In order to get out of t:te vacuum, the e:ec~ron must 
not only ove:-come t!le barrier of height m0 c2 ; 1t also 
has :o acqmre the rest ene:gy m0c2 to winch it IS 

entit:ed. W:tence we see toat the total ile1ght of the 
barnc.; sq;a1a.mg vacuur:a eiec<rons fror.t tile1r mterac
tior. Wit;I an 1r.s~rUI.tent is 2m0c2. 

Tnal 1s qat.e a substauitai energy. Sutfice 11 to !>lly 
tnal ll 1s oniy w1thm tile past tmrty years that J.IOYSICISts 

have t~t:.en ai>le to lr•1j)art to electro.ls ent:rg1es of this 
magmwde. When Dtrac proposed hts 'ovenoaded' 
vacuum, ene• g1es hke th1s we1 e still bemg dreamed 
about. 

But why cant electrons m,el<aCl with the mstrument 
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vawum 

Fig ..... 

wh1ie Ill v6c,JU;a aioug tne llhCS ol wnat navv~;;ns 
m n.eiaJs? Agam tnc Paull vrmc1p1e g1ves toe ans~<er. 

Every m~eractwn of bod1cs 1s a chahge of their 
energy. It 1s v1a this cilar.ge that we detect the m.erac
tiOn. By tnLeiacllng With an ms.ruwent, an electron m 
vacuum could change its ene• gy and pass to some 
otitt..r level. But the trouole 1s that all the levels in 
the vacuum a1e fliled to overflowmg with eiec~rons! 
There s1mpiy IS no place. 

That IS w;1y vac.JUJa eiecirons cannot be cieiected. 
Tnt..y ex 1st m t.1e vacuum, but they caiulOl m•e• act With 
e::.c;l otucr o. WJio a••Y u.siruraent. "fhtsc e:ecdous <.-an 
coe,;,:;, Wit11 us for a1;y lei.gth of tune and we w•il 
ne>'f.• SU!)pec, tnem, for they nt..ver make their where
abouts kno·,yu tn ar.y w.:y. 

Let 1.1:. SUf·jjvse tha< wr !.un•e Jt::.soo \WHat tilt &c:~.;al 
cause :s JHlir.atcuaJ ai th.s po.nt) a11 eiecl!on Iii the 
vacuum HL4ll•lf.S enough energy to JU111p out. Now 
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that it is free the total energy of the electron is 
positive. What happens in the vacuum? 

A hole is formed. The s1te m the vacuum where 
the electron had been becomes, as it were, Ionized; 
it gets a pos1tive charge equal in magmtude to the 
charge of the electron. 

Now a hole is something we remember from our 
dealings with semiconductors. There, an electron jumped 
into the conduction band and left behind a hole 
in the filled valence band, in which it had negative 
energy. A remarkable analogy, which by the way, ends 
nght there. In semiconductors, the hole IS indeed an 
'empty site' introduced for the s1mple convenience of 
descnbmg different types of electron motion in the 
valence band and the conduction band. 

The hole in a vacuum is something quite different. 
Here, it IS in no way different from the electron. 
It is a real particle, JUSt as real as the electron. Like 
the electron, the hole has a rest energy of moc2 , wh1ch 
IS an energy equal to the depth of the topmost energy 
level in the vacuum well. 

In other words, the electron and hole ongmate out 
of their vacuum 'nonexistence' only in pa1rs. The energy 
expended in the production of each particle is m0 c2 

(their masses are equal), or 2moc2 altogether, as we 
have already mentioned. 

The electron can roam about the 'free world' and 
then return to the vacuum. To do th1s, it has to meet 
a hole and merge with the latter. Then it w11l be 
nonobservable again. The hole vamshes too. 

But that's not all. Before returning to the vacuum, 
the electron has to give up the energy consumed 
in ejecting it from the vacuum, or, to put 1t otherwise, 
the energy used to generate It and the hole, that 
same 2moc2 • 
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In what form will the energy appear? As gamma 
photons, which will fly out of the site at which the 
electron and hole merged and will carry ofT this 
energy. 

The last question ts: Why is the energy taken up 
by gamma photons? The stmple pomt here ts that 
the energy gtven up by the electron-hole patr before 
tt drops mto nonexistence is high enough to correspond 
to hard gamma rays. No tess than two (and rarely 
more) gamma photons are generated because the merg
ing electron and hole have oppostte spins. 

This is all very natural: since the total momentum 
of the electron and hole m the vacuum is zero, the 
momenta cancel when they merge. So a gamma photon 
needs a partner with opposite momentum so that their 
total momentum wtll be zero. Such are the reqUirements 
of the conservation laws whtch we mentioned earher. 

If a thtrd (say, a nucleus) happens to be near 
the encounter of an electron and posttron, tt can take 
up some of the energy and momentum of the colhding 
particles. Then there will be one photon in place of two. 

The Outlines of Emptiness 

Physicists listened to Dirac and shook their heads. 
Even the most devoted adherents of quantum mechantcs 
refused to take Dirac's theory as anything more than 
a good physical joke. Will power was needed to stand 
by thts 'crazy' hypothesis. 

The day was not far ofT, however, when the skepttcs 
and scoffers had to retreat in dtsgrace. The day of 
a discovery that brought triumph to the Dirac theory. 

In 1932, the Englishman Blackett and the Italian 
Occhtalini exposed a photographic plate to cosmtc rays 
and detected two tracks corresponding to an electron 
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and to an unknown parttcle of the same mass but with 
posittve ch11rge. The tracks forked out from a smgle 
point in dtfTerent dtrechons. Since the photograph was 
made in a spectal chamber placed in a magnetic field, 
the different directions of the tracks defimtely indicated 
opposite charges. 

Thus the hole was recogmzed and given the name 
positron. It was the first in a senes of microparticles 
now called anttpartlcles. We shall come back to them 
a bit later. 

The Dtrac theory would have an honoured place 
m phys1cs even 1f tt stopped with this single predtction 
of the posttron. 1\ut it dtdn't. Dtrac opened the eyes 
of phystctsts to utterly new as!Jects of tile world 
of the ultrasmall. 

Ftr'lt of all about the vacuum. According to Dirac, 
it ts filled with electrons that do not interact wtth 
parttcles in the 'above-vacuum' world. When an electron 
leaves the vacuum, a positron is immediately generated. 
These parttcles are born and die only m pairs. 

But then maybe we could say that the var.uum is 
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filled with positrons and that electrons appear only 
when posttrons leave the vacuum. In its original form, 
the Dtrac theory considered both equally posstble. 
However, we give preference to a vacuum filled with 
parttcles and not antiparticles. The rell.son ts that 
electrons are everywhere about us, while po~1trons are 
indeed a rare guest 111 our world. From this we ought 
to conclude that there are far fewer pos•trons 111 the 
world than there are electrons. But the Dtrac theory 
states that one particle orig111ates only wtth the other, 
its antiparticle. Whtch means that the number of 
electrons and positrons in the world should be the same. 

Stran~e! Still stranger ts the fact that our world 
exists and we extst too, for there is nothing to prevent 
all the electrons from colhd111g wtth positrons and 
falling into the vacuum, leaving behind a dlsf"mbodted 
trace 111 the form of gamma photons. 

However, an electron doesn't often meet a positron, 
in fact, rarely ind~d. So there is no reason to get 
worried about the world becommg a vacuum. And so 
there are more electrons than pos•trons! P•Jt where do 
they go to? 

One mtght think that nature did her best to keep 
the posttrons and electrons as far apart as possible. 
This is a popular idea among science-fiction writers 
and certam scientists. They maintain that somewhere 
in the umverse are worlds made of antiparticles, so-called 
mtrror worlds. In those worlds, the positron is boss 
and electrons are occasional guests. 

The next question ts: If the electron has its 
anttparttcle, why shouldn't the proton have an anti
particle as well? But then we sho11ld have a vacuum 
of protons! And, generally, every particle should have 
its antiparttcle and, hence, tis own vacuum. Then 
the vacuum should be filkd (comryfetely fiiiP.d !) wtth 
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Fig. 24 

neutrons, neutrmos, and mesons. Some vmd! Rather 
like a lnmtlcss repository (well) for all unborn and 
dead part1cles. 

Quite 1mpress1ve, but somewhat too unwieldy. 
In a little while, phys1c1sts gave up the Dirac vacuum 
and replaced 1t with more elegant conceptions, which 
we shall d1scuss later. 

Particles can get out of the well only m pairs after 
acquirmg sufficient energy. The first to emerge are, 
of course, the hghtest particles, the neutnnos and 
electrons. For a proton and antiproton, this energy 
should be at least two thousand times that for an 
electron-positron pair. The more massive and slugg1sh 
the particle, the more d1fficult 1t is to get out of 
the vacuum. 

Complete Emptiness? 

When an electron-positron pa1r vamshes we know 
that energetic photons of gamma rays are born. But 
why precisely photons and not somethmg else? That 
we don't know yet. 
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When a billiard ball hits another one, we see the 
interactiOn as one ball flies off m the dtrect1on, and 
the other moves on. But try to move a stationary ball 
by sendmg another ball by m a close miss wtthout 
touchmg tt. Almost like a horse drawing a cart without 
bemg harnessed to tt. 

In both these cases the bodies mteracted due 
to contact: one ball hitting another, the horse pulling 
the cart. 

Now there is another type of mteractton. An apple 
falls to earth. A magnet attracts tron. Electrified 
spheres attract and repel. The very word 'attract' 
mdicates that the bodies have begun to mteract at 
a distance. 

Maybe thts mteract10n ts transmitted through the air. 
Expenment has long smce given a negative answer. 
The earth attracts the moon, and the sun attracts both, 
although they are all separated by a practical vacuum. 
The atomic nucleus attracts electrons, although there 
is an absolute votd between them. All thts signifies 
that bodtes can mteract wtthout any contact. 

A century ago physictsts had gtven the name 'field' 
to regions of space in whtch such actton at a distance 
occurs. But they were not ready to accept the fact 
that the space between them was empty. 

Act10n cannot occur without an mtermediate medmm. 
There stmply must be a medtum. Accordingly, they 
conJured up the 'ether' for the extremely tenuous 
something that. permeated all void. 

In the course of a number of years, physicists tned 
to comprehend the properties of this ether, prop.:rties 
wh1ch, as you recall our discussiOn at the begmnmg 
of the book, were truly fantastic, even contradictory. 
Fmally, expenments with light at the end of last century 
put the qmetus on the ether concept. Within another 
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few years, Emstem's theory of relat1v1ty had demon
strated the complete hopelessness of remstating the 
ether m any form or shape whatsoever. 

The ether fell, but there was nothmg to replace 1t. 
Phys1c1sts finally gave m and accepted action at 
a d1stance m empty space. But how emptiness could 
be the earner of 1nteract1on was beyond the comprehen· 
s1on of even the greatest mmds. Empty space was 
a void, peraod. 

You certamly sa1d 1t, the more common sense IS 

relied on, the harder it 1s to break away. Surely there 
can be no doubt that space IS the repos1tory of all 
bodies. Isn't that self-ev1dent? A portion of space 
occupied by matter IS called a body, a particle, or 
what have you. Then there 1s space not occupied by 
any matter. Th1s we call a void, empty space, a vacuum. 
These two port1ons are not connected in any way. 
Emptiness does not react on bod1es neither do bod1es 
mteract w1th the vo1d. True, bod1es can interact 
through empty space, but the vo1d here IS of no concern: 
the mteract1on 1s due solely to the bod1es themselves. 

Emptiness Depends on Bodies! 

But then appeared a person who not only became 
dub1ous about th1s, he reconsidered everything from 
top to bottom. He was Albert Emstem and h1s theory 
was called the general theory of relat1v1ty. We have 
already spoken of his first theory, the spec1al theory 
of relativ1ty, that has to do With fast-moving bod~es. 
The general theory of relativity embraces a much 
broader problem. In two words, 1t deals w1th the 
relationship of bod1es and space. 

The principal 1dea of th1s theory cons1sts m the 
statement that matter mfluences the space around 1t. 
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Space that is absolutely homogeneous m the absence 
of bodies (this, of course, 1s only conceptual space) 
loses such homogeneity when a body 1s 'introduced' 
mto it. 

How does this happen and how do we measure 
the inhomogeneity? Geometry does the Job The geometry 
of empty space 1s the ordmary geometry of our school 
days, Euclidean geometry. In th1s geometry, the shortest 
d1stan~e between two pomts IS a straight line, parallel 
lines never meet There are other 'obvious' statements 
called ax10ms, wh1ch are propos1t1ons that are so 
self-evident as not to requ1re any proof (wh1ch, mciden
taJiy, 1s 1mpossJble to obtam anyway). 

Yet, at the begmning of last century the Russ1an 
geometer Lobachevsky saw a flaw in one of these 
ax.1oms (the parallel axiom). He demonstrated that it 
was possible to construct a geometry just as non
contradictory, internally, as Euclidean geometry, but 
qu1te contradictory to common sense, 1f one gave up 
this axiom. So unusual, paradoxical was Lobachevsky's 
geometry that no one understood 1t. For many years, 
Lobachevsky's works collected dust on the shelves of 
umvers1ty libraries. 

Lobachevsky's contemporanes were shocked by h1s 
v1ew that there 1s no such thmg as a geometry 
'm general', applicable to all worlds, that each geometry 
IS determmed by the properties of the concrete bodies 
that 1t deals With, that the geometry of a space depends 
on the bodies and thmgs ex1stmg m that space and 
on the1r configurations. Sacnleg1ous! Man trying 
to change the god-given geometry of the world! 

But m the works of Emstem these not1ons now 
round a worthy place. Just as there 1s no space 
Without bod1es, there IS no umfied homogeneous space. 
The shortest hne between two pomts in empty space 
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surrounding bod1es is now, in the general case, no 
longer a straight line but a curved hne, called a geodes1c. 
The closer the two end-pomts of our curve are to bodies 
and the more massive these bod1es, the more 'curved' 
1s the curve. 

How do we know? L1ght rays should help us. 
The curvature of space due to bod1es is very shght 
and under ordmary conditions IS not noticeable. We'll 
have to take the experiment out mto interstellar space 
and choose some massive obJect, like our sun, as the 
'curving' body. It is naturally most convement to observe 
curvature in a hne wh1ch we consider to be straight. 
If we beheve class1cal physics, th1s should be a line 
produced by a ray of light. This IS what Emstem set 
out to refute. 

Let us pomt our telescope at some star and 
photograph it. Then we photograph it agam when its 
light rays pass close to the sun. The first p1cture is 
taken at mght, the second, dunng a total eclipse 
of the sun. 

According to classical physics, both pictures should 
show the star in one and the same place on the 
photographic plate. Whether the hght passes near the 
sun or far away from it should make no difference. 
Accordmg to the general theory of relatiVIty, however, 
the path of hght should curve as it passes close 
to the sun. The photographic plate should exhib1t th1s 
curvature as a d1splacement relative to the first 
picture of the star. 

In August 1919, a special expedition set out for 
the Arabian desert to observe a total solar echpse. 
One of 1ts tasks was to venfy Emstem's prediction. 
Sensational news! The photographs showed space to be 
curved; what is more, the curvature was almost exactly 
as predicted by Einstein! 
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From that time on, physicists' concepts of empty 
space have changed radically. Space has become 
a repository not only of bod1es, but also of fields. 

Matter and Fields 

What is a field? Phys1cists use this word to describe 
space m which bodies manifest interaction. However, 
there are no nomnteracting bodies; all bod1es are 
ultimately made up of particles, none of which are 
'indifferent' to the others. 

For th1s reason, fields ex1st everywhere and at all 
t1mes. And not only between bodies, but within them 
as well, for there, too, there are vo1ds not filled with 
matter. That is the first and most fundamental property 
of a field. From th1s there immediately follows another 
conclusion: fields are just as real and universal as is 
matter. 

A field is different from matter in one Important 
respect: matter is tangible, the field is not (say, an 
electnc, nuclear, or gravitational field). But we cannot 
say that it is 1mposs1ble to perce1ve a field. Take 
an apple falling to the ground: the actiori of the 
field 1s ev1dent from the motion of a body. 

There is yet another phenomenon displayed by 
a field - this is hght, 'by and of itself. As early as 
last century 1t was established that light 1s a spec1al 
so-called electromagnetic field. 

In his theory of the photoelectric effect, Einstein 
introduced the photon. This was an Important concept. 
The electromagnetic field was quant1zed, which is to say, 
1t existed m the form of individual particles, quanta 
of the field. The photons were these field quanta. 

The history of fields continued to develop. In 1872, 
Stoletov found that light is capable of exerting material 
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act1on by eJectmg electrons from metal. In 1900. 
Lebedev d1scovered the pressure of hght on bodies -
JUSt as if hght consisted of 'real' particles possessmg 
mass. 

These two remarkable expenments and the concept 
of the photon inevitably led to the conclusion that 
the electromagnetic field has matenal properties and 
that field quanta can have the characteristics of particles 
of matter. 

Th1s was the first span m the bridge across the 
gap between matter and fields. The de Broghe 
hypothesis meanwhile was budding the bndge from 
the other end. Electrons could have wave properties. 
Which meant that matter could behave in a field-like 
manner. 

The field, limitless and Imponderable, could have 
dimens1ons and mass. Matter, limited m space and 
ponderable, could be depnved of d1mens1ons and mass. 

Should we now conclude that m place of the former 
sharp d1stmct1on between matter and field we must 
merge them 1nto one md1stingu1shable entity? No! 
The mater1al propert1es of the field are obvious only 
at large energies of 1ts quanta. And the field properties 
of matter come to hfe only at large energies of 1ts 
particles. 

And at low energ1es? The field IS then a field. and 
matter IS matter. 

There is No Emptiness! 

The photographically detected JOint birth of an 
electron and a positron IS not only the 'openmg up' 
of the vacuum. Th1s was the first actual case of 
a field converting into matter. Confirmation soon 
came of the reverse pred1ct10n of D1rac's theory: the 
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JOint anmhilat10n of an electron and a positron upon 
encounter, and the generation (at the same instant) 
of two gamma photons. 

Wait a mmute! The electron and pos1tron didn't 
turn into anythmg. they vamshed unchanged into 
the vacuum. And the energy they released took the 
form of gamma photons. Exactly like in. say, an 
atom where an electron JUmps from a h1gher to 
a lower energy level releasing Its energy in the 
form of photon. but at least the electron remains an 
electron! 

Actually, however. th1s 1s not qu1te so. Here it IS 
that the vacuum, the vo1d, appears m its fundamental 
field-like aspect. In the atom, an electron does give 
up energy, but only a part of 1t. It can even lose all 
its kinetic energy in free motion, 1t can come to 
a standstill; but the principal energy (the energy proper) 
is never given up under any Circumstances - that is, 
tf the electron wants to remam an electron. For if one 
gives up an energy E0 = m0c2• which is mtimately 
bound up with the rest mass m0 , th1s ts tantamount 
to losing the rest mass and hence the very essence of 
being a particle! We have already mentiOned the fact 
that particles differ from the quanta of an electro
magnetic field in that they can ex1st at rest and have 
a mass not equal to zero. 

This means that when an electron dives into the 
vacuum giving up its jomt positron-electron energy 
proper, it ceases to be an electron. JUSt as the positron 
ceases to be a positron. Naturally, their mass does not 
vanish without a trace, just as their energy does not 
vamsh into nothing. The mass changes its nature and 
becomes nonmaterial. field-like. while the energy 
proper converts mto the energy of field quanta. 
gamma photons. So the vacuum doesn't have any 
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'real' electrons after all, they are there conceptually, 
potentially, so to say. 

The reason 1s that vacuum or void or emptiness is 
generally nonexistent. Only matter and fields fill all 
of space. The vacuum that Dirac had in mind was 
s1mply a p1ctonal image to facilitate depicting the 
processes of the mterconvers1on of particles of matter 
and field quanta. 

The author has not tned to lead the reader about 
by the nose. He felt that one has to start with 
ordmary emptiness and then take up unconventional 
empty space, and only then cross out both. At any 
rate, that was the natural path of development of 
sc1ence. 

An electron encounters a positron and they convert 
into gamma-ray photons. If th1s 1s possible, then 
obviously the converse process should be possible: 
gamma-ray photons convertmg mto particle pa1rs. 
It actually does take place prov1ded the photons have 
sufficient energy, at least 2m0c2• 

The photons may be observed, recorded and are 
qu1te tangible. The vacuum, on the other hand, is 
qu1te mtang1ble unttl an electron and pOSitron jump 
out of 1t. How do we reconc1le th1s s1tuat1on? 

Actually, nothmg has to be reconctled Photons are 
recorded as photons as long as their energy is not 
great As soon as it becomes sufficient for the trans
formatiOn of a pair of photons mto a pa1r of part1cles, 
we begin to feel the 'vacuum' properties of photons. 
Photons can vamsh With an electron-positron pa1r 
taking the1r place. 

The term vacuum stgmfies the posstbthty of mutual 
transformations of material parttcles mto field quanta 
and field quanta mto part1cles That 1s the funda
mental point now. And that 1s what we have been 
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talkmg about from the very begmning of the chap
ter. 

Apparently, everything is now relatively clear. Smce 
we have bndged the gap between matter and fields, 
the traffic can move m both dtrecttons: particles 
becommg field quanta and tield quanta becommg 
particles. The important thing is to get up onto the 
bndge, wh1ch IS rather h1gh - the energy he1ght measures 
2m0c2, wh1ch for electrons s1gmlies m1lhons of electron
volts and for protons, thousands of m1llions of electron
volts. 

To summarize, then, the vacuum has g1ven way 
to the field. We shall contmue to use the term 
vacuum because of 1ts pictorial nature. It 1s convenient 
to picture 1t as a umversal sea with dolphm-hke 
particles JUmping in and out. 

What the Whales Rest on 
We can now, finally, explam one of the whales 

on wh1ch the relined quantum mechamcs rests. 
Altogether, there are three whales, like of old Planck's 
quantum hypothesis, Einstem's theory of relatiVIty, 
de Broghe's hypothesis of the wave nature of particles. 
We shall d1scuss the latter hypothesis. 

I wonder whether it d1dn't seem a httle tOJustilied what 
we did JUst a little wh1le ago -JUmping from the general 
theory of relativity constructed for worlds of astro
nomical d1mensions to the quantum world of ultrasmall 
thmgs The pomt 1s we have t1me and agam stressed 
that laws which hold m the world of one scale are 
at best maccurate m worlds of other scales. What nght 
had we to extend Emstem's matter and space concepts 
to the m1croworld? We have the nght, thanks to the 
de Broghe hypothesis, wh1ch has been rehably venfied 
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and confirmed Mtcroparttcles have wave properttes 
Thts duahty of thetrs exists everywhere and at all ttmes 
But what ts a wave? Judgmg by tts properttes of 
mdetermmate extension and eternal mobthty, tt ts 
clearly a field enttty. Thus, the de Broglie hypothesis 
m effect says that matenal parttcles have field 
properttes In thts sense tt supplements the Emstem 
hypothesis. whtch states that field quanta (photons) 
have matenal properties 

How do the field properties of mtcroparttcles 
manifest themselves? We have already encountered 
numerous instances. Most typtcal of these properties 
is the smearedness of electrons and other particles 
in space. As physicists say, they are nonlocahzed. 
An electron is here, yet it is not here. In attempts 
to measure its velocity of motion with exactitude we 
cease to be able to say anythmg of Its whereabouts. 

Thts is very typical of a field, 1t ts tmposstble to 
localize a field due to tts bemg 'every~here'. 

If we increase the velocity of an electron, it becomes 
heavier as we approach the velocity of light Where 
does it get tts extra mass? Electrons are usually 
accelerated by electric fields. Dunng acceleratton. the 
electnc field enters the electron, as it were. and 
imparts to tt a portion of its energy. Since the energy 
of the electron is increasing, Emstem's relatton (see 
page 223) says that the electron velocity and mass 
should also increase. 

But thts process of 'pumping' mass from the field 
into the particle cannot go on endlessly. l'he mass 
budds up with extreme rapidtty and finally the kinetic 
energy of the particle becomes equal to its energy 
proper (thts occurs when the velocity of the particle 
reaches about 80 per cent of that of light). At this 
point, a new process sets in. m which the wave, or 
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field-hke. properties of the particles dommate. The 
parttcles are now tn a position to rid themselves 
at a smgle stroke both of the accumulated energy and 
the1r proper energy and to convert mto quanta of 
the field. 

The reason for the increase in mass of particles with 
growing velocity 1s a sort of self-preservation instinct 
mstilled tn them by nature. The parttcles do not wish 
to lose their md1v1duality and furiously resist any 
bUild-up of energy, and the resistance increases as they 
approach transformation mto the field 

Particles can never move with the veloc1ty of pro
pagatiOn of the field. And the field can never 
propagate with a different velocity 

Particles Change Their Guise 

Up till now, parttcle transformations have dealt only 
wtth the electron (and, of course, the positron). After 
the discovery of the neutron, it was found that it too 
ts capable of transformation, but, unlike the electron, 
not mto field quanta but into other particles. 

The neutron can, first of all. convert into a proton, 
an electron and a neutrino (in beta decay), to do this, 
It has to be free. In the nucleus, the neutron IS converted 
into a proton and a pi-meson It was found out l;lter 
on that the second transformation of the neutron 1s 
not very different from the first. A free pi-meson 
decays mto a mu-meson (wh1ch is roughly one-fourth 
as heavy) and a neutrino. In turn, the mu-meson 
decays mto an electron, a neutnno and an antineutrino 
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We thus have 
decay or rree neutron 

neutron -+ proton + electron + neutnno 

decay or 'nuclear' neutron 
neutron -+ proton + pt-meson 
pt-meson -+ mu-meson + neutnno 
mu-meson ..... electron + neutnno 
Result neutron -+ proton + electron + 2neutnnos + 

+ antmeutnno 

However, this anthmettcal count of the simtlanty 
of the two transformations IS largely lost due to the 
fact that the p1-meson tn the nucleus does not decay. 
We already know that the particles in the nucleus 
are acted upon by electric forces and by the much 
more powerful nuclear forces that ensure nuclei thetr 
stability. 

If there ts a new type of force, that means there IS 

a new field. And if there ts a new field, that stgmfies 
there must be new quanta. The carriers of electro
magnetic tnteract1ons are photons. By analogy, the 
earners of nuclear mteract1ons must be pi-mesons (we 
have already mentiOned that mu-mesons mteract with 
nucle1 weakly and therefore cannot be quanta of the 
nuclear field). 

Summanzmg, then, p1-mesons are the quanta of the 
nuclear field. But unhke photons, these quanta have 
a rest mass, which 1s rather substantial m the world 
of ultrasmall thmgs, for tt 1s nearly three hundred 
times more mass1ve than the electron! For th1s reason, 
p1-mesons cannot move w1th the velocity of hght. 
Some quanta for you! More hke part1cles than quanta, 
yet they are quanta. The harmomous and proportiOned 
picture of the mterrelat10nsh1ps of fields and matter that 
phys1ctsts had JUSt descnbed suddenly broke down. 
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P1-mesons turned out to be the very limit of 
duahty. They are matter m that they have a nonzero 
rest mass, they represent a field in that the1r spm 
is zero. 

Let's thmk about this for a moment. The point 
IS that after the nse of quantum mechamcs physic1sts 
established yet another sharp d1stmct1on between 
parttcles of matter and field quanta. The difference 
is m the spin. It was found that 'true' particles of 
matter can have only a spin equal to one-half the 
Planck constant h (more prec1sely, hj4n), whereas field 
quanta must have spm equal to zero or to an mtegral 
number of Planck constants (h/2n). 

There 1s every reason why spm should exhibit thts 
profound d1fference m the essence of particles and 
quanta. It was found that the magmtude of spm exerts 
an essential mfluence on the behavwur of mtcroentl
tles. 

Recall the Pauh pnnc1ple, wh1ch requ1res that no two 
electrons in an assembly can ex1st m exactly the same 
states Th1s goes not only for electrons, but for 
protons. neutrons, and generally any part1cles with 
half-spm. 

Now for particles wtth spin zero or w1th mtegral 
spm th1s pnnciple does not hold. For mstance, m 
the photon world (practically the whole umverse !) 
there can be any number of photons in the same states. 
that is, wtth the same frequency and the same dtrection 
of spm (photon spin 1s equal to umty). 

Incidentally, it followed from th1s diVISIOn of spms 
that the mu-meson that physicists first stumbled over 
could not be the quantum of the nuclear field. It has 
half-spin. But the pi-mesons all have zero spm and 
hence can serve as field quanta. But their nonzero 
rest mass! . 
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The Two-Faced Pi-Meson 

Th1s was a real big surpnse to physicists. Let's try to 
figure it out. 

Maybe the neutron 1s s1mply a compressed combi
nation of a proton and a p1-meson. No, simple anthmetic 
will convmce us of this: the rest mass of the neutron 
and that of the proton are, respectively, approximately 
equal to 1,839 and 1,836 electron masses. wh1le the rest 
mass of the electncally charged p1-meson 1s 273. Which 
means that when a neutron em1ts a p1-meson the former 
should reduce by 273 electron masses and not 3. the 
way 1t does. 

When a free neutron dismtegrates, th1s problem does 
not arise. The neutron loses an electron - one electron 
mass. In add1t1on. 1t imparts to the electron and neutnno 
a double proper energy of the electron, after wh1ch 1t 
acquires the mass of the proton. Now when a p1-meson 
IS emitted, the neutron loses nearly a hundred t1mes 
more mass. yet for some reason we don't not1ce it No 
one has ever observed neutrons worn out and reduced 
after the birth of a p1-meson. How come? 

But 1magme the followmg p1cture. A neutron pulls 
out a negatively charged meson and throws 1t at a proton 
wh1ch catches the meson and immediately converts mto 
a neutron. The neutron that k1cked the meson became 
a lightwe1ght proton, whtle the proton that caught the 
meson became an overheavy neutron. In JUSt no time, 
the overheavy neutron ejects the meson, agam becommg 
a normal proton. whtle the hghtwe1ght proton p1cks 
up th1s meson and turns mto .a normal neutron. Th1s 
ball game cons1sts of two unequal stages, the first 1s 
definttely forbidden by all known laws of phys1cs and 
the second ts qu1te permissible. 

The prohibition IS due to the fact that no part1cle can 
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have mass less than the rest mass. whereas we had an 
underwe1ght proton. Th1s can be expressed in other 
words. the neutron forward cannot kick a ball heav1cr 
than 3 electron masses. To emit a meson 1t would have 
to find some place m 1ts mterior the equivalent of 270 
electron masses - qu1te a lot. But th1s ism d1rect vwlat1on 
of the law of conservatiOn of energy. Taken as a whole, 
the ball game docs not flout the conservatiOn law. but 
the first stage of 1t would seem to. 

When th1s was found to be the case, phys1c1sts were 
mchned to the 1dea - a bad one mdeed - that the law 
of conservatiOn of energy holds only on the average 
in the m1croworld. and can break down m md1v1dual 
events. However, subsequent development of sc1ence 
demonstrated that th1s law continues to stand firm. 
The secret of the ball game remams a mystery to class1cal 
physiCS. 

However, the fog hfts as soon as we recall that we 
are deahng w1th quantum properties of particles. 
Phys1c1sts gave the name v1rtual processes to those 
whtch are forb1dden by the canons of classical rea
somng. 

A system of particles or a smgle part1cle can convert 
mto another system or mto another part1cle in different 
ways. It 1s poss1ble that we do not know the routes 
(whtch frequently 1s actually the case), but we are 
JUStified m descnbmg the transformatiOn any way we 
w1sh, ut1hzmg such mtermed1ate processes as are 
amenable to calculatiOn today. For the present, v1rtual 
processes are convement p1ctorial concepts. 

Another questiOn: Can a meson be exchanged between 
a proton and a neutron along the hnes of the electron 
exchange m the hydrogen molecule? Thts would be much 
stmpler, smce electrons do not experience any kmd of 
transformatiOns, yet a bond IS estabhshed between the 
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atoms. Maybe a negative p1-meson could circulate about 
two protons. 

No, this won't do at all, and here's why. Sc1ent1sts 
recently succeeded m hitchmg up a mu-meson in the 
atom1c cloud m place of an electron, and the mu-meson, 
did the job Just as well. For one thing, it joined two 
atoms of hydrogen mto a single molecule (Just hke an 
electron does), the so-called mesomolecule of hydrogen. 
Smce the mu-meson IS approximately two hundred 
times more mass1ve than the electron, 1ts cloud of 
probab1hty IS JUSt that much closer to the nucleus, wh1ch 
means that the mu-meson holds two atoms into a 
molecule 200 times smaller m s1ze. 

However, th1s 1s not a p1-meson but a mu-meson. 
And, agam, the forces operat1ve m the mesomolecule 
are not nuclear forces but electncal forces. The latter 
are much weaker than nuclear forces. 

A p1-meson cannot hold 1ts place m the atom hke an 
electron because 1t strongly and very specifically interacts 
with the nucleus. The specJik1ty here consists m the fact 
that the p1-meson converts a neutron mto a proton, and 
a proton mto a neutron. 

A Clue to Meson Exchange 

We can take it that the p1-meson Circulates between 
nuclear part1cles. However, th1s c~rculat10n IS not about 
the particles, but ms1de them - by means of the em1ss1on 
of a meson by one particle and 1ts capture by another. 
But these processes of emiss10n and capture conflict 
w1th the laws we have just described. Yet the processes 
ex1st. They proceed VIrtually 

Generally speakmg, VIrtual processes are not new. 
Recall how m1croparhcles penetrate through potential 
barners. From the standpomt of classical theory, the 
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appearance of a particle outside a barrier indicates 
that it jlfmped over the barrier. Yet the Schrodinger 
equation demonstrated the probability that a particle 
in a well could get outside without acquiring any energy 
at all. This too seems to conflict with the law of 
conservation of energy. Actually, to get over the barrier 
spontaneously, a particle would have to extract energy 
from itself, and then that energy would have to vanish. 

We explained that paradox earlier by invoking the 
wave properties of the microparticle. Let us recall it 
briefly. 

According to the Heisenberg relation, every particle 
has an uncertainty of measurement of the value both 
of kinetic energy and potential energy. Any attempt 
to catch a particle penetrating through the barrier, that 
is, to detect it inside the barrier, renders the energy of 
the particle indeterminate. As a result, this energy 
becomes such as to permit the particle to jump over 
the barrier in a classically lawful fashion. 

Strictly speaking, in the classical se11se we have 
a breach of the law of conservation of energy. But 
quantum mechanics demonstrates that there is no 
violanon of the law. 

In the very same manner we can explain the emission 
and absorption of pi-mesons by nuclear particles. The 
point is that the Heisenberg relation (the one between 
energy and time) may be applied also to the energy 
proper of the particle. Then the thinning out of a neutron 
that has emitted a negative pi-meson, or the loss of a 
proton upon ejection of a positive pi-meson, and also 
the 'fattening' of particles that have absorbed mesons may 
be regarded as a certain indeterminacy in the energy 
proper of these particles associated with a certain 
indeterminacy in their masses. 

It is clear that this indeterminacy is no less in 
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charges. Since every interaction of charged particles is 
associated with motion and is manifested in motion, 
it may generally be stated that every interaction involves 
the composite electromagnetic field. 

For the sake of simplicity, let us disregard the magnetic 
field for a moment and take a closer look at the 
electric (more precisely, electrostatic) field. From our 
school days we remember like charges repulse, unlike 
charges attract. The textbook explained this mystery 
as follows: an electric charge creates around it a field, 
which repulses any like charge that comes into the field, 
and attracts any unlike charge. 

Th1s explanation is no better than saying a person 
died because some vital force left him. 

In school, the word 'force' reduces to the term 'field'. 
The new term was introduced but was not explained. 
Field characteristics are also given (intensity, lines of 
force, etc.) but nothing more is said. 

Indeed, although classical physics introduced the 
concept of field, It was not able to attach to it any 
specific, exact meaning. The field proved to be so 
complicated that even today 1~ Js largely beyond the 
range of physicists. 

But quantum mechanics has made quite considerable 
advances here. Let us see JUst what it has done. 

Physics knows two kmds of electric charge- positive 
and negative. Protons have positive charge, electrons 
have negative charge. These (and their antiparticles) are 
the only absolutely stable carriers of charge. We shall 
now discuss electrons. The proton, it appears, is more 
complicated and will be taken up later on. 

Thus, all negative charges belong to electrons. Let's 
take two electrons and see how they fight. First of all, 
they will have to 'learn' of the whereabouts of each 
other. 
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The first thought is that each of the electrons will 
curve the space around it, as Emstein requires of all 
bodies, no matter how big or how small they are. 
Then, each of the electrons will be in motion in a curved 
line about the other. Just like a ball rolling along 
a sheet of paper depressed by another ball at rest on it. 

This curvature, however, is due to the mass, not the 
charge. Accordingly, we have a d!ITerent field, the field 
of gravitation, 

Second thought: the electron disrupts the homogeneity 
of the vacuum about it, for if one considers the 
vacuum as being filled w1th not yet generated electrons, 
then our 'epivacuum' electron should be repulsing the 
vacuum electrons. When our electron gets a partner, 
the latter will act on the vacuum in similar fashion. 

But the repuls1on of the real electrons and the 
vacuum electrons is mutual. The vacuum electrons will 
do the same with respect to the second electron. This 
will find expressiOn in the mutual repulsion of both 
our electrons. 

However, if we give it some thought, th1s reasoning 
seems a httle faulty. We are trying to account for 
repulsion, yet we introduce it for the real electrons 
and the vacuum electrons without any explanatwn. 
The horse was changed, but we still stand. 

This 1s true, but the concept of particle interaction 
via vacuum is fruitful. The only thing we need to 
assume is that an electron can spontaneously em1t 
photons. 

An electron can emit photons. We saw th1s in electron 
jumps in atom1c clouds. But in the process the electron 
changed 1ts energy state. True, but what if a free and 
stationary electron emits a photon and straightway 
absorbs 1t back again? Then the energy of the electron 
will remam the same. And the process Itself will be 
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forbidden as far as classical physics goes. But we have 
seen that quantum mechanics allows such processes, 
with one proviso: they have to fit into the framework 
of the uncertamty relation. 

The speed with wh1ch an electron emits a photon 
and captures it again should depend solely on the 
photon energy. The greater the energy of the photon, 
the faster the electron wiii complete the operation. 

However, during the time the photon IS outside the 
electron It will have time to probe around a bit in the 
vicmity of 1ts parent. How far out does the neighbourhood 
reach? To infinity. Remember that the electron can 
emit photons of any energy, even the smallest. And such 
photons can move away from their parent to any distance 
conceivable. However, for photons of a very definite 
frequency the1r range of actton is of the order of the 
wavelength of the photon. For photons of visible light, 
this d1stance is of the order of a fraction of a micron. 

Photons naturally do not confine themselves to the 
role of observed. If photons em1tted by another electron 
are encountered, they clash. The result may be that 
some of the photons will never return to the1r parents. 
They may, for instance, be absorbed by a partner. 

It would now seem that we have a definite, not 
v1rtual, violation of the law of conservation of energy. 
But no, we haven't. The electron energy Will change by 
exactly as much as IS contained in the nonreturning 
photons, and both electrons w1ll move apart. The farther 
electrons are separated from each other, the smaller 
the energy of thetr mteract1on. 

In the process, the total energy of the photons and 
electrons remains unchanged, Just exactly what 1t was 
in the beginning. But of course there never was any 
beginning or end of the mteraction of two electrons. 
There is no turmng off or on of interactiOn. No matter 



how far away the electrons are from each other, there 
will always be some kind of interaction between them. 

Still and all, this explanation is not exactly satisfying. 
The field is somehow attached to its creator, yet we 
know that photons are extremely independent-acting 
entities. 

Of course, we can, for greater satisfaction, introduce 
yet another virtual process. We have already mentiOned 
th1s process, which is actually encountered. A sufficiently 
energetic photon em1tted by an electron can, during the 
time of its very short permitted life, convert into an 
electron-positron pair. 

This way, in place of one electron we will for an 
instant have two electrons and a positron. In another 
instant, the electron will again be by itself. But 
which one of the two electrons will vanish, merging 
with the positron? That is impossible to say, since 
the two electrons are identical. 

Extremely interesting, yet too bad that we can't 
observe this 'bouquet' of particles emergmg from a single 
electron: everything takes place in too short a time. 

But let's check, anyway. A simple calculation with 
the Heisenberg relation shows that our instant lasts about 
w- 21 second. During this time, the photon was able 
to give birth to a pair consisting of a second electron 
and a positron at a distance of about w- 11 centimetre 
from the first electron. 

This is exactly the magnitude that is characteristic of 
the smallest smearedness of an electron in space. 
10- 11 em is the length of a de Broglie electron wave 
moving with a velocity close to that of light. 

A truly remarkable circumstance! It shows that at 
the very heart of the wave properties of an electron 
(and, naturally, of all other particles as well) is 
interaction -the field of the electron. The electron is 
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smeared because it dives into the vacuum and emerges 
from it near the same site numberless times every second. 

Physicists called such strange electron behaviour the 
'trembling electron'. The imagery is very close to reality. 
In this process, an electron can oscillate while located 
at any place within the locality appropriated for it. 
The locality is determined by the energy and, hence, 
the wavelength of the photons that can generate ele
ctron-positron pairs. 

The Kingdom of Virtualities 

Thus, an electron emits photons virtually. The photons 
in turn convert, virtually, into electron-positron pairs. 
The pairs merge giving birth to photons. And the photons 
are absorbed by the electron. The entire kaleidoscope of 
transformations takes place with fantastic rapidity -
many millions of millions of millions of times every 
second. 

A photon emitted by some electron may be captured 
by a different electron. But electrons are all alike, and 
there is no way of finding out which one captured 
the emitted photon. 

Now the result of this exchange is not virtual, but 
quite real: electrons strive to get away from each other 
as far as possible. But even when the distance between 
them exceeds many times over the degree of their 
'vacuum smearedness', photons catch up with them and 
push them apart still more. But the greater this distance, 
the less the energetic photons can overcome it, which 
means that less energy will be imparted to the electrons 
in photon exchange and the electron repulsion will be 
more feeble. Which is exactly what Coulomb's law states. 

Electronic interaction is all-pervastve. We supposed, 
for the sake of simplicity, the participation of only 
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two electrons, while actually all the electrons in the 
universe participate. We might say that the boundless 
electromagnetic field is found in every corner of the 
infinite world. 

The interaction of an electron and positron, of an 
electron and proton and, generally, of all differently 
charged particles has the same virtual nature. But in 
this case the consequence of photon exchange is not 
mutual recession but mutual approach of the particles. 

Nature is dual. It deals in the unity of opposites 
and the opposites of unities, the contrasting of unities. 
Two particles with opposite charges and the same masses, 
mirror images, meet as they jump out of the mirror and 
cancel their charges and convert into quanta of the 
field that performs the interaction. 

The Virtual Becomes Real 
Physicists don't always hit upon the best terms for 

naming things. 'Virtual' means being in essence but not in 
fact, not exactly real. Yet a virtual vacuum can suddenly 
become very real indeed. 

Recall the electron transitions in atoms that originate 
spectra. We have said that these transitions from one 
state into another are possible only when the probability 
clouds of the electrons in these states overlap in some 
portion of space. 

The hydrogen atom has two such states whose clouds 
merge completely. Both of them belong to the second 
shell, which begins filling up only in the case of lithium. 
Then there is another state in the first shell, the very 
lowest, and most stable energy state in which we 
ordinarily find the hydrogen electron. 

To both states (in the first and second stories of the 
atomic building) there correspond spherical clouds that 
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never overlap. The third state that we have in mind 
is an inconvenient mterstorey flat connecting the first 
and second stories. 

But it becomes interstorey only in the case of 
lithium, whereas in the hydrogen atom it has to coincide 
with the flat on the second floor. And the electron 
transition that could be observed m the case of lithium 
should not be observed in the case of hydrogen. The 
atomic inhabitants do not ordinarily jump directly 
between stones, but prefer to get into interstorey flats 
first. 

Indeed, in the hydrogen atom nobody has ever 
observed such transitions. If for some reason a resident 
on the first floor is tossed up to the second, he will 
remain there quite alone until some 'unlawful' circum
stance returns him (the probability of such a transitiOn 
is utterly negligible). 

But some fifteen years ago physicists noticed that the 
electron had succeeded an getting around this very 
stringent prohib1t1on and rather easily got back to the 
first floor from the second. Almost hke commg down 
in a lift. 

Th1s violation was soon accounted for. A fertile 
imagination was all that was needed. And physicists 
are certainly Imaginative. Recall the virtual process in 
which a real electron repulses the 'unborn' vacuum 
electrons. At that time 1t seemed that the electron was 
fighting 1ts shadow. 

This is what happens. The interaction of electron 
and vacuum, the 'trembling' of the electron imparts to 
it a very real, though small, additional energy. But even 
this neglig1bly small energy (much less than that of the 
electron in the atom) is sufficient for the two merged 
states m the hydrogen atom to separate, for the 
electron to pass from one of these states into another, from 
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the second floor to the now real interstorey flat, and from 
there into the first storey. 

True, It was possible actually to detect only the 
transition from the second floor to the interstorey flat. 
But that was enough smce the rest goes by Itself. 

What was the vacuum addition to the energy of the 
hydrogen electron? If we use the Planck relation and 
convert it into frequency, then tt will come out not 
among the gamma rays or even those of visible light, 
but in the high-frequency radiowave band. 

That was why this remarkable phenomena could not 
be discovered by conventional spectral methods. But 
when high-frequency radio oscillators were built after 
World War II and hydrogen atoms were irradiated with 
high frequencies, they immediately responded to the 
frequency that fits the vacuum addition. A deep dip 
appeared at the site of this frequency in the 'radio
spectrum' of hydrogen- the hydrogen electron was 
actively absorbmg quanta on this frequency. 

A little while later a second vacuum effect was 
discovered. We have already spoken about the two 
electron magnets. One of them was due to the motion 
of the electron about the atomic nucleus, the other 
was caused by the spin motton of the electron. In 
a magnetic field, these two magnets combme into a sort 
of unified magnet of a definite magnitude. 

Physicists measured the force of this elementary 
magnet with great exactitude. And it was found to be 
JUSt a little btt greater than the sum of the two 
together. Again that 'just a little btt'. The only thing 
left for phystcists was to acknowledge that this addition 
in the magnitude of the magnet is due to the interaction 
of electron and vacuum. 

The explanation is again similar to what we have 
already gtven. An electron moving in an atom repulses 
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the vacuum electrons all along its path, as it were, 
like a stationary ship only displaces water, while a moving 
vessel makes the water move as well. The transfer of 
motion from the electron to the vacuum is what produces 
in the latter a current of vacuum electrons. The magnetic 
effects of virtual current are added to these that 
correspond to the motion of the 'real' electron. 

Quantum mechanics, which is permeated with 
virtualities, was not only able to account for these 
remarkable phenomena, but to calculate them, as well; 
and the results coincided beautifully with experiment! 

There you are, the physicist and his imagmation! 
Virtual processes are something to be respected after all. 

In the Search for New Particles 
As soon as physicists accepted the unusual nature 

ofthe world of microparticles, their interrelations among 
themselves and with the field, a real hunt began for 
new particles. Every new particle is a new aspect of 
the microworld, a new discovery of its peculiarities, an 
advance on the path of knowledge. 

Whole expeditions were on the go, with intricate 
gear, equipment and instrumentation. For a long time, 
the cosmic rays - those streams of particles coming 
to earth from deep space - were the only suppliers of 
new particles. New instruments were invented, old 
instruments were refined and fresh expeditions set out to 
mountain peaks, up into the clear air closer to the sky, 
others put out to sea, and still others sent up rockets 
to new heights. 

Then, in the early 1950s, powerful accelerators were 
built that speeded protons to hundreds of millions and, 
lately, to tens of thousands of millions of electron volts. 

The booty began coming in at a staggering pace. 
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Several new particles were discovered every year. Today 
there are altogether thirty-three, if one discounts the 
so-called "resonance" particles which we shall deal with 
a little later. The resonance particles boost the list 
of microentities to almost a hundred items. 

The first to be captured were pi-mesons. 
At the beginning of the fifties, particles were discovered 

that were more massive than protons and neutrons; 
they were called hyperons. Cosm1c radiation presented 
physicists with a very valuable gift, a group of 
K-mesons (we will soon see why it was so valu
able). 

And when a series of gigantic accelerating machines 
were put into operation racing protons to close-optical 
velocities, two new particles were discovered that 
confirmed the predictions of Dirac's theory. They were 
the antiproton and the antineutron. 

Let us now take a closer look at what we have 
found. The first striking thing is the broad range of 
particle masses: from the zero mass of the neutrino 
to the more than four thousand electron masses of the 
resonance delta-hyperon. Another point is that the 
particles are quite irregularly distributed in mass. They 
come m groups of two, three and even four, all with 
relatively Similar masses. 

The charges and spins of particles are not so 
d1verse by far. Confining ourselves to the "real" particles 
(excludmg all resonance objects), we find electnc charges 
having only three values ( + l, 0 and -l, where - t 
IS the electron charge); their spins are likewise confined 
to three values (0, 1/2, l). 

Most of the particles m this list are unstable, living 
on the average from a few thousand seconds (neutrons) 
to w- 24 of a second (resonance mesons and hyperons). 
These are the limits. Ordinary mesons and hyperons 
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have mean lifetimes ranging from hundred-millionths 
to tens of thousands of millionths of a second. 

Don't make the mistake of confusing the lifetime of 
a particle with the time of its existence in our world. 
As an illustration, take the positron. It is stable in the 
sense that it does not decay into any other particles. 
Yet it doesn't hve long in our world -as soon as it 
meets an electron, it vanishes, as a rule. On the other 
hand, pi-mesons wh1ch are unstable in the free state, never 
decay within nuclei. 

Look at the last column of the Table. What are the 
particles that most often appear in the decay products 
of their unstable brothers? These are electrons and 
neutnnos for mesons and the neutron. And we always 
find nucleons and pi-mesons among the decay debris 
of hyperons. 

Sorting the Booty 
These are the first preliminary conclusiOns that we 

can draw from a census of the microworld. Now the 
problem is to figure out what the living conditions of 
particles are like in the microworld. 

Why the great diversity in particle masses? What 
is the limiting mass? Is it the heavy 1\ 4 -hyperon? 
Why do particles exhibit groups of closely related masses 
of two, three and four particles? Why do the charge 
and spm of particles have only three values (if we 
d1sregard the resonance parttcles)? Why are most particles 
unstable? Why, again, are there stable particles? Why do 
particles choose only one or two of a large variety 
of possible decay schemes? 

Before gomg any further it must be satd that 
quantum mechanics has left most of these questions 
without answers. And where there are answers, most 
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of them describe 'how', but don't say 'why'. Which 
is something at least. 

The grouping by mass is clearly seen in the Table. 
The particle masses in one group are very close to 
one another if compared to the broad interval that 
separates one group from the next. This has been 
accounted for in an interesting way: a group of particles 
is actually only a single particle that appears in 
different guises. 

By way of illustration, let us take the pi-mesons. 
The masses of the pi-minus- and pi-plus-mesons are 
equal and d1ffer from the mass of the third, electrically 
neutral, pi-zero-meson. Maybe the higher mass of the 
charged particles is due to their having charge. 

We have already mentioned the fact that the field 
accounts for a portion of the mass of a particle. 
Since pi-mesons are the quanta of the nuclear field, 
and this field is very much stronger than the 
electromagnetic field, 1t would be reasonable to suppose 
that the bulk of the mass of pi-mesons is due to the 
nuclear field, while any additton to it of the 
electromagnetic field (associated with the presence of 
charges) would make only a small contribution. For 
this reason, charged pi-mesons are more massive than 
the neutral particle, which naturally should be of nuclear 
origin entirely. 

This would likewise appear to account for the fact that 
lightweight particles do not form triplets. The nuclear 
field differs in that its quanta have nonzero rest mass, 
whereas the quanta of the electromagnetic field are 
photons with zero rest mass. The electron and positron 
and both mu-mesons are of a pronounced non-nuclear, 
electromagnetic origin. That explains why they have no 
neutral particle. This leaves two possibilites: a positive 
and a negative particle, a doublet. 
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This doesn't work forK-mesons. The neutral K-meson 
is more massive than the charged particles. Here the 
electromagnetic field would seem to be 'subtracted' from 
the nuclear field. 

To account in some way for the regularities of 
part1cle grouping, physicists introduced the concept of 
isotopic spin. The analogy with ordinary spm is quite 
remote. Remember the tricky question spectroscopists 
put to theoreticians: Why do spectral hnes split up into 
three (and more) close-lymg "satellite" lines? As you 
will recall, this was explained by spin. The slight 
differences in electron energies in atoms for different spin 
onentation give rise to the compamon lines of the 
princ1pal spectral line. 

By analogy, theoreticians pictured groups of particles 
w1th s1milar masses as a single particle split up into 
companion part1cles due to the existence of an 
electromagnetic field. 

The rules for isotopic spin turned out, on the whole, 
to be the same as those for ordmary spin. If the spin 
is zero, the line is not split, the particle remains alone 
with no other particles in the v1cinity. If the spin is 
one-half, the line becomes a doublet; some particles, 
the K-meson for example, form just such a doublet. 
If the spin is equal to unity, the result is a threesome, 
or triplet, of lines or particles, depending on what 
we are talking about, ordinary spin or isotopiC spin. 

Antiparticles Come into Action 
Up until 1955, the nucleon group conSISted only 

of the proton and the neutron. Th1s was quite a team: 
a doublet made up of a charged part1cle and a neutral 
part1cle! The mystery was resolved, so 1t appeared, 
when the negatively charged antiproton was discovered, 
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for here was now a normal tnplet like the group of 
pi-mesons. 

True, there was one inconvemence: the neutral neut
ron was heavier, not lighter. than the proton and its 
antiparticle. Again the electromagnetic field appeared 
to be 'subtracted' from the nuclear field. Most impor
tant, however, was the fact that the proton and neutron 
turned out to be a single particle in two forms. Inci
dentally, physicists had guessed as much when it was 
clear that the two particles interconverted in the nuc
leus with equal ease. 

But then a year after the d1scovery of the antiproton. 
the antmeutron was uncovered. A fourth particle in one 
group. The antineutron d1dn't want to fit into the group 
scheme. There was still one way out - the nucleon 
group could be v1ewed as made up of two pa1rs: pro
ton and neutron w1th the1r antiparticles. 

Similar to this group are the four K-mesons. That 
will be a special talk 

Is there any law underlymg th1s group structure of 
particles? There very eas1ly could be, but we don't 
know it. The census of the m1croworld IS done and 
over, distributions have been made as to occupation, 
but no final conclus10ns can yet be drawn. 

Now let us try to figure out the ditTerence between 
a particle and its antiparticle. As we know, the Dirac 
theory in Jts original form stated that the ditTerence 
was m the sign of electric charge, which IS true enough 
for the electron and positron. the proton and antipro
ton. the two mu-mesons and, m general. for all charged 
particles. 

But how about the neutron and 1ts antmeutron? 
There is no electric charge and their masses are the 
same, as in all particle-antiparticle pairs. The ditTerence 
here, it appears, is in the sense of the magnet1c moment. 
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Then this too can be an 'antiproperty'? Well, we 
know that electrons in atoms occupy energy states in 
teams of two, which means they have opposite spms. 
Yet the particles remain electrons, not one of them 
changes mto a positron. Also, nuclear neutrons, as we 
recall from the shell model of the nucleus, can occupy 
energy levels two at a time, and no antineutron IS born. 

That the spins of atomic electrons are oppositely di
rected in pairs only means that the eleetrons themselves 
are moving m opposite d1rections. If electrons are pic
tured as 'clouds of probability', two oppos1te d1rections 
are of course difficult to conceive. For a free atom, 
they do not differ in energy. But electron spin is defini
tely orientated with respect to the direction of motion. 
For instance, if an electron is moving to the right, 
we may say that its spin is, for instance, directed at 
some angle upwards; 1f the movement IS to the left, 
then downwards. It may be shown that as the velocity 
of the electron approaches that of light, the d1rection 
of its spin comes closer and closer to that of its mo
tion. In the case of the pos1tron, the situatiOn IS re
versed. For a very fast positron, the spin is almost 
counter to the dJTection of motion. That is the way 
we understand the d1lference in direct1on of magnet1c 
moments in the case of the neutron and the antineutron. 

The reader may be disappointed with 'differences' 
of this kmd, but it seems to be enough to make the 
particle and antiparticle vamsh, upon encounter, into 
field quanta. 

Particles Disintegrate 
How do particles originate and vamsh? Photographic 

plates are the first to Witness these events of the micro
world which mean so much to scientists. 
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Here 10 the corner of the plate is a thick mu
miOus-meson track. Before even reaching the middle 
of the plate it 'breaks' and goes otT in a dashed line. 
This portion of the track belongs to an electron. At the 
breaking po10t, two particles were born which carried 
otT the energy and momentum of the mu-meson that 
was not 1mparted to the electron. These two particles 
are a neutnno and an antineutrino. 

As a rule, pi-mesons do not decay 10to electrons 
directly. They first generate mu-mesons. Here, too, we 
see that the nuclear field and the electromagnetic field 
are not completely separate. A particle of nuclear origin 
converts into a particle of electromagnetic nature. 

Why do pi-mesons disintegrate into two particles, 
and mu-mesons decay into three? The answer IS simple: 
1t's all due to the spin. The sum of the spins of the 
daughter particles must equal the spin of the parent 
particle. 

The mu-meson has half·spm, the electron also. But 
since the electron cannot carry olf the entire mass of 
the mu-meson, a neutrino IS needed, which takes up 
the residue of mass 10 the form of energy of motion. 
But the neutrino sp10 is also one half, so that now 
the total spin of the newly born particles is greater 
than the spin of the parent. The neutr10o must now 
get rid of the extra spin. This is the antineutnno with 
opposite spin. The result: three particles. 

In the decay of a pi-meson, one neutrino (or anti
neutriOo) is enough with spin counter to that of the 
parent mu-meson. These spins cancel, yielding zero, 
wh1ch 1s equal to the spm of the original p1-meson. 

In the case of hyperons, the ultimate stable product 
of the1r decay 1s frequently the proton. In addition, 
hyperons em1t p1-mesons. Two worlds and two limitmg 
types of transformations: the electron 10 the hght par-
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Fig. 25 

tlcles, the proton among the heavy part1cles. Two 
worlds and two inevitable decay satellites: the neutrino 
in the case of light part1cles, and the p1-mesons m the 
case of the heavy part1cles. 

Now is there any law that states which one (or, 
at most, two) of a number of decay schemes JS to be 
ut1llzed? 

We have already not1ced certam peculiarities of such 
selectiveness By analogy w1th class1cal phys1cs, let us 
call them conservatiOn laws. Observations show that 
the total charge and total spm of a part1cle are con
served m decay. But still these laws leave a little la
titude m the chmce of the decay scheme. 

There ought to be some other decay laws that would 
narrow down the pathways that unstable particles 
can follow for convers1on mto the stable buildmg stones 
of matter - the proton and the electron. 
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Physicists Classify Interactions 

Let's begin with an analogy. There are different ways 
of destroymg a mountain. One is in an explosion, say 
a volcanic eruption. Another, weaker and slower, is by 
an earthquake. And, finally, the slowest of all is weather
ing - by the work of water, wind, heat and cold. The 
explosion does the job in seconds, the earthquake in 
hours, and the water and wind in many thousands 
of years. 

Stud1es of the processes of destruction of mlcropar
ticles showed up three types that proceed w1th different 
strength and at different rates. 

The first, the strongest, occurs in collisions of nuclear 
particles, in mteractions in the nucleus. Physicists called 
these events strong mteractions. They are typified by 
large energ1es of the order of the energy proper of the 
pi-meson and higher, and, accordingly (by the uncer
tainty relation) very short lifetimes. As we already 
know, the time factor here is of the order of 
w-ll second. 

The next m strength and duration 1s electromagnetic 
mteract1on. It is in this process that electron-positron 
encounters produce two gamma photons. In th1s class 
too 1s the above-described decay of a neutral pi-zero
meson into gamma photons. Th1s process has a dura
tion of the order of w- 17 second. 

Now, finally, the weakest and longest process of all. 
Physicists call it weak mteraction. It IS th1s process that 
is respons1ble for the great maJority of decays given 
in the Table of microparticles. Weak interact1on 
accounts for the decay of mu-, pi- and K-mesons, the 
neutron and hyperons. From the Table it may be seen 
that the duration of this 'umversal' destructive in-
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teraction that alfects particles in all groups is 10-10 se
cond and more. 

An interesting thing was noticed in these studies of 
groups of particles. The K-mesons and hyperons group
ed together in a different way from that of the other 
particles. 

These two groups did not want to fit into the classi
fication of the other particles. "Strange," said physi
cists, and, chagrined, they. called these unruly objects 
'strange particles'. They even introduced a special quan
tity to describe quantitatively the degree to which they 
devtated from the properties that they should have had. 
The quantity is known as 'strangeness'. 

It was found that strange particles cannot decay into 
ordinary particles other than by the slow weak interac
tion. In collisions of ordinary particles, strange particles 
are born only in pairs, and only m such pairs whose 
sum of strangenesses is equal to zero, ltke the original, 
ordinary particles. 

In other words, m strong and electromagnetic in
teractions the strangeness does not change. This became 
known as the law of conservation of strangeness. But 
in weak interactions this law does not hold. 

Too many laws? Where is that smgle general law? 
And how do we account for them all, anyway? 

Unfortunately, the regulanties we have been talking 
about do not as yet have any cogent explanation. Phy
sictsts combme the rules thts way and that, but the deep 
underlying essence is sttll obscure. True, the arithmetic 
of the conservation laws has enabled us to solve the 
problem that we started out with. All the rules taken 
together leave the particles actually only one, at most 
two, schemes of decay. 

Studies of the decay of K-mesons made possible one 
of the btggest dtscovenes m the physics of micro-
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particles after the detection of vacuum effects. The two 
words that shook the scientific community of the world 
are 'nonconservation of parity'. 

The Mystery of the K-Mesons 

K-mesons were discovered m cosmic rays some ten 
years ago. Among the mass of bizarre tracks that cos
mic particles leave on photographic plates, the vigilant 
eyes of physicists discerned the traces of certain new 
particles with masses roughly a thousand times more 
than the electron mass. 

There turned out to be three kmds of K-meson: posi
tive, negative, and neutral. The spin was determined and 
came out equal to zero. At first the fam1ly of K-mesons 
d1d not seem to differ much (with the exception of 
mass) from the lighter family of pi-mesons: the same 
zero spin, the same triplet of particles, only the neutral 
K-mesons were heavier than the1r lighter cousins. 

Physicists scrutinized the tracks left behmd by K-me
sons on photographic plates. The charged particles pro
duced ordinary tracks that frequently terminated, giving 
way to thin tracks. What th1s meant was that the 
K-mesons had decayed mto hghter particles. A study 
of the secondary tracks showed that they belonged to 
pi-mesons. 

The decay of the neutral K-mesons was more difficult. 
Physicists were surprised to find two tracks, and some
times three, commg out of the end-point of the K-me
son flight path. As before, all these tracks belonged 
to p1-mesons. 

Thus, neutral K-mesons sometimes decayed into three 
and sometimes mto two pi-mesons, while all the other 
particles always disintegrated into the same daughter 
particles in one way only. 
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Expenmenters were sure it couldn't be otherwise, and 
so they decided to mtroduce two d1fTerent neutral 
K-mesons. One of them was chnstened the tau-meson, 
the other the theta-meson. Two d1tl"erent mesons for the 
two distinct schemes of decay. That seemed to be clear 
enough. 

But physicists were not sat1sfied The most careful 
measurements mvariably md1cated that the tau-meson 
and the theta-meson had 1denttcal masses Throughout 
the Table of particles th1s always meant one thmg: 
1dent1cal particles. But one and the same particle cannot, 
surely, decay first mto two and then mto three 1dentical 
daughter part1cles! 

That was the mysterious particle of the phys1cs of 
the early 1950s. The famous 'tau-theta' emgma. 

But what, after all, 1s so strange? Why can't the 
K-meson decay as descnbed? The law of conser
vation of energy does not forb1d 1t, the conservatiOn 
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laws of momentum and spin have nothing agamst it. 
Yet it is forbidden by a law that we have not yet 

mentioned. This prohibitiOn was established by quan
tum mechamcs and goes by the name of the law of 
conservation of parity. 

Is the Left Any Different from the Right? 

Recall the emission of photons by excited atoms. 
An electron was m one state, then it JUmped mto an
other, of less energy. At that t1me we were mterested 
only m the energy and whether the 'clouds of proba
bility' of the mitJal and termmal states of the electron 
overlapped. 

This overlappmg seems to be very essentially related 
to parity. If we could renumber the flats m the atom, 
we would find that the inhabitants can only move from 
even to odd flats and vice versa. To move from the 
tenth flat, say to the eighth in a smgle jump, is Im
possible. 

This rule, which was expenmentally established as far 
back as 1924, was later given a quantum-mechamcal 
mterpretation. To do this, physicists introduced the no
tion of parity of the wave function. From there the 
concept of parity was extended to the state itself as 
descnbed by the wave functiOn. 

The wave function we know: It IS the solution of 
the Schrodmger equation. Panty now reqmres a httle 
more diSCUSSIOn. 

How many people, when lookmg at their photograph, 
say: "Oh, but that doesn't look hke me at all." And 
the photographer 1s to blame. But quite often he really 
shouldn't be. 
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Take a look at yourself in the m1rror. What you see 
is not an exact copy. If your nose bends slightly to 
the right, the mirror will show it inclined to the left. 
In a mirror, right and left change places. 

When you have your p1cture taken, the front side 
of the film shows your m1rror 1mage. But this is not 
all. The film is developed, and the negat1ve is made 
into a picture, which is actually another reflectiOn of 
you in a mirror. Sometimes, when the picture is made, 
the negat1ve 1s turned upside down so that we then 
get three mirror reflections. But sometimes the negative 
remains in the same position as when the picture was 
snapped, and then there are only two such reflections. 

A person always looks hke he appears in a mirror. 
But a photograph can make you the way you actually 
are and not the way people see you. 

The photographic and mirror 1mages would coinc1de 
only m the ideal case of a person w1th an absolutely 
symmetrical face. But that is rare indeed. Nature hkes 
pure cold symmetry, but never begrudges a bit of 
vanety. 

The essential thing here is that a double reflection 
always restores the onginal shape of an object. Irrespec
tive of whether there is symmetry or not. Somethmg like 
two minuses make a plus and two pluses make a plus. 
In a double reflection m a m1rror. the 'mmuses' of 
your face (asymmetry) do not d1stort the image. 

Wave functions possess the same pecuhanties. These 
functions are ordmary mathematical funct10ns, among 
which we frequently find sines and cosmes. Draw them 
on paper and put them up to a m1rror. The sine. m 
the m1rror, is upside down. Wh1ch IS nothmg new: 
in school tngonometry we know that the sme of a ne
gative angle is equal to the sine of a pos1t1ve angle 
with sign reversed. (Our muror. as 1t were. extends the 
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Fig. 27 

ax1s of angles m the d1rection of negative values.) Now 
the cosme will not change m the mirror. And trigono
metry confirms th1s. 

Mathematicians called the cosme an even functiOn 
and the sine, an odd function. The m1rror reflectiOn 
was also given a name: space mvers10n. And to distin
guish even functions from odd ones, they were given 
signs: plus for even, minus for odd. 

If a sine reflected m a m1rror IS v1ewed m a second 
m1rror, the origmal shape w1ll be restored, for a mmus 
times a minus y1elds a plus. The cosme w11I of course 
remain unchanged. 

An mvest1gat1on of the solutions of the Schrodinger 
equation showed that for atom1c electrons the parity 
never changes m JUmps to new states. If the wave 
function of an electron was first even and then after 
a Jump to another state became odd, th1s would s1gmfy 
only one thmg - the wave function of the photon gen
erated m the trans1t1on IS odd. 

Later, the concept of panty was extended from ato
mic states to separate part1cles. The photon was the 
first; later, labels appeared on the other particles as 

:!!!5 



0 

Fig. 28 

well. The electron, for mstance, proved to be an odd 
particle. 

We have had occas1on to say that the spin of an 
electron 1s very definitely onented relat1ve to the di
rection of mot1on of the part1cle. If the electron 1s m 
motion rightwards, 1ts spm IS, say, upwards; 1f to the 
left, then the spin IS downwards. Let us try, mentally, 
to reflect an electron in a m1rror. We see that as the 
electron moves to the nght (to the left in the mirror), 
1ts spm m the m1rror remams m the upward dtrection 
because the mmor only mterchanges nght and left, but 
does not turn the 1mage ups1de down The m1rror elect
ron has a d1rect10n of spin that IS nonexistent in the 
normal electron. Wh1ch means that the electron 1s de
fimtely an odd part1cle If 1t were even, the m1rror 
1mage would not d1ffer from the real thmg 

The p1-meson 1s an odd part1cle 
Extendmg the1r class1ficat1on of parity to the unstable 

particles, phys1c1sts, workmg by analogy w1th the emis
Sion of a photon by an electron. estabhshed that the 
parity of the mitial part1cle must be equal to the pro-
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duct of the parities of all decay parttcles produced. So 
far, particles have never violated this mjunctton which 
goes by the name of the law of conservation of 
panty. 

And now we have the neutral K-meson! Judgmg by 
the fact that it decays mto two pt-mesons, thts is an 
even particle (a minus and a mmus produce a plus). 
Yet its decay mto three pt-mesons tndtcates that thts 
particle is odd (a minus times a mmus ttmes a mmus 
yields a minus). What ts tt in reahty, even or odd? 

It is clear that we are deahng with one and not two 
parttcles: the masses of the tau- and theta-mesons coin
cide too closely. But then the K-meson ts a particle 
wtth double panty' No, that would be too much to 
presume. Thts K-meson has certamly got quantum 
mechanics in a hole. 

A Way out is Found! 

What ts there to do? To say that panty breaks down 
m the decay of neutral K-mesons would mean that na
ture uses a faulty mtrror, where the left differs from 
the right, where space ttself ts not symmetncal! That 
would be a ternble conclusiOn. 

During the long years of its extstence, physics ts used 
to the fact that space ts the same m all dtrectwns. 
Movement to the left, under identtcal conditions, ts m 
no way different from movement to the nght. True 
All the laws of phystcs pomt to the eqUivalence of di
rections. called the isotropy of space. 

To gtve thts up would mean rejecting all the most 
baste and fundamental of phystcal laws Ternble even 
to think about. 

The young physicists Lee and Yang found a remar
kable way out of thts impasse. They boldly stated: yes, 
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panty can break down in the decay of K-mesons and, 
generally, in all weak interactions (which g1ve rise to 
the decay of mesons and the beta decay of nuclear 
neutrons)! 

Lee and Yang pointed to experiments that would 
unambiguously establish this amazing fact. They are 
worth describing. 

Calculations showed that if the parity d1d break 
down, then m nuclear beta decay the electrons should 
fly out mostly in a direction opposite that of nuclear 
spin. Under ordmary conditions, the nuclei orient their 
spins randomly and electrons come out in all direc
tions. 

So the first thmg that had to be done was to line 
up the nuclei so that all their spms would be m one 
direct10n. and then to keep them hned up during the 
expenment. To do th1s, a piece of beta-radioactive ma
terial was put m a strong magnetic field that kept the 
spm magnets of the nucle1 aligned. Then the tempera
ture was drastically lowered (to only five hundredths 
of a degree above absolute zero) to eliminate the dis
torting effects of thermal motion of the nuclei. 

Then a series of electron counters were arranged 
around this set-up at a slight angle to the direction 
of nuclear spin and in a mirrored direction to 1t. The 
counters were switched on and it was soon found that 
there were fewer electron counts m the forward direc
tion than in the 'mirror' direction. The Lee-Yang pre
diction was verified. 

D1d this mean that space was a distorted mirror of 
nature? And the fundamental laws of physics go topsy
turvy? Here, Lee and Yang, and, mdependently, the 
Soviet physicist L. Landau made an Important state
ment: space had nothing to do with it, the fault was 
with the particles themselves. 
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You remember how we reflected an electron in a mir
ror and obtained a nonexistent electron with reversed 
spm. Now, it turns out, this particle does indeed exist, 
but we have to 'reflect' (reverse) its electric charge as 
well. Then we get an exact reflection of the electron -
the familiar positron! 

Nature's mirror is all right, after all. But 1t is a sort 
of a dual mirror: when a particle is reflected in it we 
always get its antiparticle! The electron g1ves rise to 
the positron, the neutral K-meson gives birth to the 
neutral, but anti-K-meson. 

The neutral K-mesons that were experimentally ob
served proved to be a mixture of two kmds. the K-zero
meson and 1ts antiparticle. But the K-zero-meson IS 
odd, while Its antiparticle is even. That is the 'tau
theta' mystery cleared up. 

Credit for the discovery of this double type of reflec
tion, called 'combined inversion' m scientific parlonce, 
goes to Lee and Yang The same discovery was made 
mdependently by Landau. 

Thus 1t was defimt1vely established that the spm of 
a particle could be onented relative to the direction 
of motion of the particle only m some defimte way. 
and 1t must be oppostte to that of the anttparttcle. 
If we assume, for a moment, that the spm 1s actual 
self-rotation of the part1cle, then the picture 1s hke 
th1s. Tag the surface of the electron and follow 1t 
during the mot10n of the particle by means of h1gh-speed 
mental cmematography. We w1ll see that the label des
cribes a sp1ral: m the case of the electron, there will 
be a leftward twist. m the case of the positron. a nght
ward tw1st. 

Actually, the difference m 'sp1ralness'. or hehc1ty, 
is what d1stmgu1shes particles from their antiparticles. 
Bear m mind. however, that the notion of right and 
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left 1s JUSt as relat1ve as that of pos1t1ve and negative. 
We s1mply agree to gJVmg part1cles left-hand hehc1ty 
and ant1part1cles, nght-hand hehc1ty. 

Worlds and Antiworlds 

We have already mentioned the fact that m our 
world pos1tron are rare guests. Th1s would suggest that 
the world of part1cles 1s not symmetncal, left-hand he
hclty bemg encountered much more often than nght
hand hehcity. 

Th1s should not be surpnsmg. Just take a closer look 
at the world of b1g things The sna1l has left-hand he-
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licity more often, the shell sp1rals leftwards. In che
mistry we have stere01somenc molecules, wh1ch are the 
mirror Images of one another. And 10 the1r world, too. 
we find e1ther more left-hand or nght-hand 1somers 
F10ally. 10 human bemgs the heart 1s on the left. 
though very occasiOnally we find 'm1rror' people wttl1 all 
the 10ternal organs sw1tched around Left1es are rather 
common, yet most people are nght-handed. 

We shouldn't be ~arpnsed, then, that 10 the b1gger 
world of space we m1ght find ant1worlds, 10 wh1ch eve
rythmg 1s reversed There, anuatoms would have anti
nuclei made up of antiprotons and antmeutrons sur
rounded by positron.,. ,·here. hvmg orgamsms, 1f there 
are any, would be the mirror 1mage of our earthly 
bemgs 

If both worlds hve under 1dent1cal cond1t1ons, the 
laws of the antiworld should net. differ in any way 
from those of our own world J:sut 10 each case the 
s1gn would be reversed. That IS why we would never 
know of the existence of an ant1world, even if 1t were 
nght next to us. 

The only thmg we could find out about would be 
the boundary hne between the ordinary world and the 
ant1world Here the two meet, and there would never 
be more host1le encounters, for the particles would va
nish mto energetiC gamma photons tlymg out m all di
rections from the point of dash w1th the speed of light 
or they would convert mto p1- and K-mesons that 
would sort of belt off the two worlds md1catmg the 
danger zone for any part1cle that m1ght be thmking of 
dartmg over to the opposite world So far. sc1entists 
have no indll:ations of any such boundary hne in our 
solar system or m the much vaster stellar system, for 
that matter. 
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What Goes on Inside Particles? 

We'll start wtth the question that was never an
swered: What are the exact d1mens1ons of microparticles? 
Do these part1cles have exact dimens1ons at all? 

What a quest1on! Surely everything has some ktnd 
of stze. Well, not so surely, especially after what we've 
gone through. 

For a very long t1me physicists were not able to 
attack th1s problem properly. Partly because the mathe
matical apparatus of quantum mechamcs failed as soon 
as part1cles were endowed with d1mens1ons. On the 
other hand, as we have already seen, there is no way 
of actually measuring the1r s1ze. Th1s is due to the wave 
properties that smear out the parttcle m space. 

These wave properties are an external mamfestation 
of the interrelations of particles w1th the1r fields. In 
other words, an electron is smeared out due to 1ts in
teraction w1th other part1cles, including electrons. 

We know what the modern picture of this interaction 
is. An electron m v1rtual fash1on em1ts photons and 
interacts With photons em1tted by other particles. The 
result 1s either mutual repulston or attraction of the 
part1cles. The electron is, as tt were, wrapped up tn 
a cloud of v1rtual photons which 1t 1s emitting and a~ 
sorbmg. Th1s cloud IS boundless: there will always be 
low-energy photons such that the Heisenberg relat1on 
w11l allow them to go to any distance from the electron 
that em1tted them. It IS the photon cloud, which smears 
the electron out m space, that does not allow us to 
speak of exact dtmensions. 

Sttll, the cloud rap1dly contracts as it approaches the 
core. At distances where v1rtual photons have energy 
enough to form electron-pos1tron pairs (1t 1s of the 
order of 10-11 em) we have what m1ght be called 
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a 'trembling' electron. The electron IS still smeared out, 
yet over a smaller regwn of space. Agam there are no 
exact dimensions. 

Maybe 1t would be poss1ble to measure exactly the 
s1ze of a 'bare' electron. rid of its photon and electron
positron clouds. No. that 1s impossible for there is no 
such thing m nature as a nonmteractmg electron. It 
'>imply does not and cannot exist. The particle and Its 
interactiOn are two thmgs that form a unity, an in
separable umty! The only thing left for us to suppose 
1s that ms1de all these clouds IS somethmg in the 
nature of a 'core', as physicists have termed it. But 
today we know nothing defimte about what this core 
looks like and of what goes on inside it. 

Physicists have tried to do a similar job m descnb
ing the structure of another fundamental particle, the 
proton. The proton em1ts (m VIrtual manner) pi-mesons 
with energies that are naturally not Jess than their rest 
energ1es. That is why pi-mesons have very short 
lifetimes. Wh1ch means that they cannot go far away 
from the proton that produced them. 

Indeed, as we remember, the dimensions of the pi-me
son cloud about the proton are very small, of the order 
of I 0-13 em. Unlike the electron, the proton is only 
very slightly smeared out by pi-mesons. But we know 
that protons are rather energetic m their mteract1ons 
With K-mesons as well. That explains why a proton 
can also have a virtual cloud corresponding to such 
mteractwn, a K-meson cloud. Since the rest energy of 
a K-meson 1s some three times that of the pi-meson, 
the K-meson cloud should be JUSt that number of times 
smaller and should be located mside the pi-meson 
cloud. Still deeper m the intenor we should find the 
concentrated 'trembling' proton that decays virtually 
into proton-antiproton pairs. 
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Phystcs thus arnves at the startlmg and inevitable 
conclusion that the structure of parttcles of the micro
world IS a reflection of all thetr interactions with other 
parttcles. The essence of mtcroparttcles turns out to be 
very flmd and mobtle. 

This conclusion ceases to be unusual tf we grasp the 
tdea that particles do not extst without thetr mterac
tiOns All mtcroparticles are mterrelated by mteractions 
Interaction of particles IS not somethmg mtroduced 
from the outside, but is an mtegral and natural part 
of thetr structure. 

Yes, the structure of a particle at any time IS deter
mmed by all of Its mteracttons. Conversely, the 
character and degree of Interaction are determined by the 
structure of the particle. That ts the dialectic essence 
of matter and the field, the properties proper of 
particles and their mteractions, and the mseparable 
generality of the mseverable commumty of the mtcro
parttcle and the entire umverse. 

It must be recognized, however, that present methods 
of scientific reasomng still depart in a number of respects 
from dialectical logtc. That which we have called a 
mutual dialectical relationship between the structure of 
particles and the mteract10ns they expenence, a hnk 
between matter and field, physicists pamfully descnbe 
as a vicious circle. 

Still and all, a way out of the Impasse will probably 
be found sooner or later. So far. expenmentalists have 
detected a minute crack and theoreticians, always John
ny-on-the-spot. have poked m thetr mqutsittve nose. 

During the past few years quite a few thmgs have 
been ferretted out; particle hunters are hot on the trail 
wtth hopes of finally bnngmg some sort of order into 
our conceptions of the world of particles. 
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The Mysterious Resonances 

F1rst things first. Among the nch findings of physic1sts 
m the early 1950s were an assortment of strange 
structures. Part1cles, one wanted to say. yet somehow 
sc1ent1sts couldn't make themselves call them particles. 

Judge for yourself. Using an accelerating machme, a 
researcher obtains an avalanche of very energetiC protons. 
He then throws them onto a target containing protons. 
The target eJects a splatter of new. JUSt-born part1cles. 
Among them are a great many p1-mesons. 

The mvest1gator collects the p1-mesons mto a separate 
beam and, in turn, throws them onto a second target 
that also contams protons. What will happen m a col
hsJOn of pi-mesons and protons? 

That we already know. In the incredibly bnef mstant 
of encounter, the p1-mesons and protons give life to a 
whole range of new particles, mcludmg the heav1er 
K-mesons and hyperons. The bulk of the beam, how
ever, is scattered. 

Phys1c1sts got mterested m th1s scattering, for it pro
mised to clanfy the nature of forces operatmg between 
p1-mesons and protons. As has already been mentiOned, 
these are nuclear forces. 

At first the scattermg seemed to fit into conventional 
theory, yet physicists were shortly m for a surprise. At 
a definite energy. the port10n of scattered p1-mesons 
suddenly mcreased drastically. Th1s was followed - as 
the meson energy contmued to grow - by a return to 
normal. In the curve of scattenng cross-sectiOn versus 
meson energy there was a shght hump. One of these 
curves is given m the accompanymg figure. 

It was Enrico Fermi, in 1952, who saw the tirst 
hump of this kind. Sendmg a beam of pi-mesons gene
rated m the California University accelerator. mto a 
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proton target, he noticed that at about 11 I 4 Ge V electron 
volts the mesons were suddenly and intensely scattered 
by protons. This was very much like resonance. 

That 1s why the hump on the p1-meson scattering 
curve was christened resonance. At that ume the analogy 
appeared to be purely external. And qutte mysterious 
too. Indeed, just what could this hump on the scat
tering curve sigmfy? If a particle is strongly scattered, 
IllS evident that 1t spends more t1me in the vicmity of the 
proton. Kmd of slows down from near-hght speed to 
take a closer look at its old heavy fnend the proton. 

Just how long does the meson sttck around the pro
ton? The hump on the graph enables one to gauge 

296 



this. But only roughly: no clock could ever measure 
it. The proton IS apprOXImately w- 13 centimetre in 
size, a pi-meson has a velocity of the order of 1010 
centimetres per second, which means that the pi-meson 
flies past the proton m about w- 23 second. 

This number we know: it is the order of magnitude 
of the time of strong interactions. So everything is the 
way it should be. The mteract10n operating between 
a proton and the nuclear-field quantum (pi-meson) is 
precisely the strong interaction. 

The pomt 1s this. A "resonance" pi-meson stays with 
the proton for a time of the same order, about w- 23 
second; perhaps just a b1t longer than a meson with 
the adjacent "nonresonance" energy. So far there is no 
way of determining this t1me. The only thtng we know 
is the order of its magnitude. 

The Important point here 1s that a delay of sorts 
does occur. Physicists query: What do the two particles 
do in this minute interval of time, coalesce, become 
attached? 

Theoreticians say the matter is quite obscure, but for 
some reason new pi-mesons appear. Incidentally, it might 
be a case where the energy of the nuclear field is 
materialized in the form of new field quanta. A virtual 
process w1th very real consequences! 

The Curtain Rises 

Some time passed 11nd the attitude towards "reso
nances" underwent a change. There was talk that the 
resonance particles were actually no worse than any 
other real particles. 

Really, now, what is a particle? A material structure, 
wh1ch. though 1t does not have strictly definite dimen-
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sions, possesses a number of properties that differentiate 
it from other particles: mass, charge, spm, hfetime. 

The term lifetime requires some explanation. The pro
ton, for mstance, IS absolutely stable, 1ts hfetime is inde
finitely great. Now a charged pi-meson is quite another 
matter, for 1t lives only some thousandth of a millionth 
of a second; and its neutral brother has a lifetime 
another thousand million times shorter. Unimaginably 
brief though this lifetime is, we can still regard these 
structures as particles. 

The mass? A resonance entity has mass, which may 
be computed from Einstein's equation relatmg mass and 
energy. In the same way we can introduce charge and 
spin for the resonance object of a system of momentarily 
"attached" particles, or we can determine these properties 
for the particles that fly out at the instant a reso
nance part1cle decays. 

In other words, we can attribute to resonances all 
~he propert1es that "real" particles have. True, the new 
particles appear to be unusual in the extreme. But 
physicists are accustomed to the extraQrdinary. Nothmg 
surpnses them any more. Actually, any system may be 
described either m the language of material properties 
or in the language of field properties. Quantum mecha
nics 1s what makes this possible. 

Essentially, the two descriptions are identtcal. So at 
first glance a fresh approach does not yteld anything 
new. Now if we could uttlize "resonances" to make 
expenmentally confirmable predictions, that would be a 
different matter. In other words, call a "resonance" 
anything you want to, picture it as a cluster of momen
tanly attached particles or a single new particle, mvest 
1t with any kind of properties you hke so long as the 
new conception proves fruitful and leads to new disco
veries. 
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As events demonstrated, it was this most valuable 
property that the new view encompassed, a view that 
gave resonance objects the right of citizenship in the 
world of particles. Studies of the curves of pi-mesons 
and, later, K-mesons scattered on protons suggested to 
physicists that similar curves had been obtained before: 
in the scattering of protons on atomic nucle1. 

We have already discussed this. A nucleus struck by 
a proton absorbs the latter and, with it, a considerable 
portion of its energy. The nucleus becomes excited and 
has several different ways of getting out of th1s state, 
for mstance, it can eject a proton and a gamma quan
tum or some other particles and revert to the original 
state. And when the proton energy is "just right", the 
curve of proton scattering by a nucleus exhibits peaks, 
which are very much like the humps we have been 
speaking about. 

That is how resonances came to be regarded as real 
particles; though, of course, a very special type. They 
are, as it were, excited states of other more stable particles 
of the microworld - mesons, protons, hyperons. 

The predictions made in the early 1960s and based 
on this hypothesis were very soon brilliantly corrobo
rated. 

Resonances Get Citizenship 

The new view played an important part in the clas
sification of microworld residents. The current census 
of micropart1cles includes resonance entities as well 
as conventional structures. 

Their decay products? Again novelties. The resonance 
particles had a way of decaying in many different ways. 
Well, said physicists, that's good, we can interrogate 
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the new-born particles and find out a few things about 
their parents. 

But theoreticians did not wait for experimenters to 
lay everythmg out for them spick and span. They pushed 
forward, making mistakes, going down blind alleys, cros
smg difficult terrain; and fairly often they got out ahead 
of the experimenters. 

Recall isotopic spin. It made possible the grouping 
of particles with close-IY.ing masses as varieties of one 
and the same particle. This was the first step in bring
ing order to the multitude of microworld mhabitants. 

The next job was to link these "isotopic multiplets" 
into larger classes of "supermultiplets". The difficulty 
was not only that the familiar relations among the 
particles were still obscure, there was no mformation 
about the number of members to a "family". But 1t was 
clear from the very beginmng that there are at least 
three quite definite varieties of family: leptons, mesons 
and baryons. 

To this day, physicists don't really know anything 
about the lepton families. The lepton group as a whole 
is not at all so numerous as the enormous meson and 
baryon clans. That would seem to make the JOb of 
figunng things out so much easier. But paradoxically 
it wasn't easier. PhysiCists are still trying to determme 
why the group exists at all. None of the known laws 
of the microworld can even justify its existence. 

By contrast, the other two multi-membered groups 
offer a good deal of promise today. True, the large 
populations here, which increased still more With the 
inclusion of the resonance particles, have not simplified 
the tasks of theoreticians. 

But there is hope m the new game physicists are 
now playing. It consists in juggling member particles to 
come up with fresh groupings. The new method of par-
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t1cle classilication goes by the exotic name of the eight
fold way. 

We already know about ones, twos and threes - the 
ordinary singlets, doublets, and tnplets of particles in 
groups with isotopic spin 0, 1/ 2 , and 1, respectively. 
Octets - groups of eight - will be the topic of a special 
talk. 

Up to now we have spoken of particle classificatiOn 
as to mass, electric charge, ordinary and Isotopic spin. 
For a number of years this classification failed, for there 
was always a particle that did not want to fit into 
some pigeon-hole, thus dashing the current hopes of 
theoreticians. 

So in 1961 it was suggested that those were not the 
proper characteristics to classify particles by. Such was 
the conclusion of Geii-Mann, of the United States, and 
Ne'eman, of Israel. They suggested rejecting all cha
racteristics except isotopic spin and strangeness. That 
would leave four quantities. The point is that isotopic 
spin is a complex entity consistmg of three quantities. 
The reader will just have to accept this on authority, for 
the complexity of isotopic spin goes beyond the scope of a 
book like this. 

So theoreticians have at their disposal four quanti
ties. The question 1s what to do with them. 

Add another four! 
That was a bold step indeed. Four are hard enough 

to manage, and here are another four. They have mean
mg - similar in a way to ordinary and Isotopic spin -
but so far it is quite mysterious. The quartet of quanti
ties are still lacking names. 

Eight quantities! Theoreticians appear to know what 
they are doing, because these eight are no accidental 
choice. 
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Triplets, Octets -

They form a very interesting group, these eight quanti
ties. Mathematicians call it a spec1al umtary group for 
arrays of size 3 x 3. 

This esoteric language h1des a most important prop
erty: the quantities that make up the group can pass 
one mto the other! In other words, 1f each quantity 
m the groups IS related to a certain particle, all the 
particles can convert into one another. They will be 
found to have a common ongin! 

That was what the whole job was about: not the 
slightest bit of physics, just pure intricate mathematics. 

Now mathematicians are very familiar with number 
groups, including the special unitary group of unitary 
symmetry. 

So here we have eight quantities or e1ght particles 
in each group. What particles are they? This can be 
established quite definitely. For mstance the group of 
mesons. Up until recently it contained three pi-mesons 
and four K-mesons, or a total of seven. But the meson 
octet demands an eighth particle. The properties of this 
eighth meson were predicted: ordmary spm, 0, as for 
all mesons m this group, electnc charge absent, iso
topic spin, naturally, again zero so that the particle 
should be qmte alone, and the mass approximately 
1,100 electron masses. 

In the very same year of 1961, when the prediction 
was made, experimenters detected the lacking meson. 
Theoreticians had predicted a mass of 1,080, the disco
vered mass was 1,100! 

The new idea, onginally received so cooly by theoretical 
workers, was now bandied about at every turn. In the 
course of two years a second octet of mesons was built 
up out of resonance particles. The famihar baryons, as 
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will be seen from the figure, fitted neatly into the1r 
octet without the slightest b1t of coaxing. 

Next in turn were the resonance hyperons w1th masses 
nearly three thousand times the electron mass. Here 
theoreticians found out that the group should accom
modate not eight but ten particles, all with ordinary 
spin 3/2. Incidentally, they were the first particles with 
ordmary spin in excess of unity. 

Th1s group was to form a triangle, the first storey 
of which consisted of four delta hyperons, the second, 
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Barvons (spin ~') 

Fig. 31. (contmued) 

of three resonance L:-hyperons (more massive than 
the L -hypero11s, but apparently the1r relatives: they are 
denoted by the same letter with a bar on top to avoid 
<!OnfusJOn), and the third storey, of two resonance 
:=:-hyperons, and the roof - there was no roof! The house 
of resonance hyperons was left uncompleted. 

When Gell-Mann began invest1gatmg the decuplet 
(tensome) he was struck by this strange cucumstance 
from the very start. He attempted to work out the 
properties of the .. roof', maintaining it should have spin 
3/2. hke all the other dwellers. What is more, tt should 
have a negative electric charge, ISOtopic spin zero, and -
hke the earlier d1scovered eta-meson -a mass of 1,080. 

Now the mass of the new hyperon, which Gell-Mann 
christened omega-mmus, should be nearly 3,300 electron 
masses instead of 1,080. And a still more remarkable 
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Fig. 32 

thing - the new particle was to be a real one and not 
a resonance ent1ty. Yet the lifetime was to be the usual 
thing for ordinary hyperons - roughly in the ten
thousand millionths of a second. 

But th1s meant that one could search for the omega 
hyperon. Dunng its lifetime it could leave a trace some
where, say in a bubble chamber in the vicinity of its 
birthplace. 

The expenment to capture an omega hyperon lasted 
about a year and was finally found in the spring of 
1964 after the exammation of nearly a hundred thousand 
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photographs taken in the bubble chamber of the Brook
haven National Laboratory accelerator in the United 
States. One of them revealed the long-awaited event! 
Take a look at the d1agram; 1t will enable you to make 
some sense out of the bewildering maze of tracks on 
the photographic plate. 

Quarks 

Playing around with the members of groups proved 
to be a great success. The omega hyperon that was 
discovered "at the point of a pencil" constitutes a whol(( 
era in particle physics. 

For the first time we have a convincmg system of 
new particles, and for the first time the particle census 
is beginning to make sense. It should play no less a 
role than Mendeleyev's discovery of the penodic law of 
the chemical elements. 

Today, particle physics IS expenencing something very 
similar. First singlets, doublets and triplets of isotopic 
multiplets. Then the octets of supermultiplets. What 
next? 

There is no need to ascribe any special sigmficance 
to the magic of numbers. From the fact that eight is 
the key number in the periodic system of chemical 
elements (eight types of valence) it does not at all fol
low that eight is JUSt as "magic" a number m the 
world of particles. 

It will be recalled that it was quantum mechamcs 
that explained the chemical significance of the eight. 
It proved that no more than eight electrons can occupy 
the outermost electron shell of the atom. And these 
electrons are responsible for the chemical behaviour of 
atoms. In the particle world quantum mechanics finds 
it more difficult. The laws are utterly different from 
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those of the world of atoms. Here, as a rule, quantum 
mechanics does not resolve problems in frontal attacks 
but in roundabout ways, due to ignorance of the fun
damental laws. One of these circuitous approaches is 
the utilization of groups in umtary symmetry. 

Isotopic spin and unitary symmetry handle nearly 
a hundred known particles. But where is the seed that 
gave birth to this remarkable bouquet? Are there, among 
them, certam basic particles, generating particles that 
produce all the others via the complicated, subtle 
interplay of strong, electromagnetic and weak m
teractions? 

About fifteen years ago the Japanese physicist Sa
kata expressed the view that there are such generating 
particles. And he named them: proton, neutron, and 
lambda hyperon. For many reasons they were qutte 
fitting in the role of baste, fundamental particles. This 
idea and the choice of starting particles was, it seemed, 
particularly confirmed by the dtscovery of nonconser
vation of parity and the study of weak interactions. 

But as luck would have it, this triplet was supposed 
to generate groups consisting of 6 and 15 particles. 
However, experiment has not yetlded any such groups. 

That is why physicists put astde Sakata's suggestion; 
all the more so since in the years that followed tt was 
obscured by whole groups of octets and decuplets of 
particles. But history repeats itself. 

Just recently a hypothesis about three fundamental 
particles - three elephants holding up the microworld -
has come to the fore gripping physicists. But these are 
no longer the particles advanced by Sakata. Particle 
physics has not yet discovered them. 

The authors of the new hypothesis, Gell-Mann and 
Zweig, gave them the name "quarks". And what a 
remarkable set of enttttes they are! Their strangeness 
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number has to be fractional! Well, the reader may say, 
nothing surprising in that if one considers that "strange
ness" is a purely conventional concept without any 
pictorial physical significance behind it. 

But surely the reader w1ll be amazed by the electric 
charge, which also comes out fractional: 2/3 or l/3. of 
the electron charge. The electron charge has always 
been the smallest charge of all indivisible. How indeed 
can there be one third of such a charge? 

But no quarks have yet been detected. Perhaps due 
to the presumed great mass. They are believed to be 
roughly 6,000 times more massive than the electron, 
while the heaviest known resonance particles have mas
ses that only approach 5,000 electron masses. But who 
knows, they may yet be found. Anyway the hunt is on. 

Old Ideas Hold One Back 

This constant and ubiquitous relatedness of matter 
and field confronted physicists with the task of interpret
ing it and generating new concepts to describe the 
matter-field unity. Here, quantum mechanics with its 
established notions was rather on the conservative side. 

When quantum mechanics originated, it inherited from 
its predecessor, classical physics, all the concepts used 
m respect to the world of ordmary things and carried 
them over into the world of the ultrasmall. The Schro
dinger equation was constructed along the lines of the 
classical wave equation with the sole difference that 1t 
described not ordinary waves but 'waves of probability', 
which expressed the law of motion of m1croparticles 
m space and time. At first the satisfactiOn was complete, 
the m1croparticles wdhngly obeyed these laws. 

True, from the very start of quantum mechamcs 1t 
was found that these old concepts would not function 
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weJJ in the new physics. The uncertainty relation made 
it evjdent that the earlier ideas of exact position and 
velocity, particle energy and time could be applied in 
the microworld on a very restricted scale. 

This half-hearted satisfaction gave way to dissatisfac
tion as soon as the microparticles gamed energy sufficient 
for mutual transformations. The above-described method 
for establishing the laws of motion of particles in space 
and time broke down completely. 

Just picture the situatiOn: there IS one particle, then 
we get another one, or several even, or m place of 
particles we have photons. Quite naturally, the wave 
function was not In a position to describe conversion. 
According to quantum mechanics, transformatiOn should 
take place at a single point of space and instantaneously. 
As a result, we get another particle or a photon for 
which the earlier wave function does not hold any 
longer. 

What did quantum mechanics do in that case? At 
the site of conversion, it combined both laws of motion 
(old and new) taking advantage of the familiar laws 
of conservation of energy and momentum. 

In this approach, the process of transformation itself 
was left out of consideration. firstly, because it occurs 
at a single 'point' m space and also in time so that 
at the instant of transformation the particle is not in 
motion m the ordinary sense of the word. Secondly, 
because one type of particle vamshes and a different 
type of particle appears, yet the equations of motion 
referred always to a single invariable type of particle. 

Which means that this classical approach to pheno
mena of the m1croworld carried over into quantum 
mechanics by means of the space and time concepts 
was clearly insufficient. It did not reflect the basic es
sense of this world, the transformations of particles into 
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one another and mto field quanta, and also the reverse 
conversion of quanta into particles of matter. The 
problem now was to determine the actual course of 
transformation. But this required a radical change in 
the mode of description. 

Quantum mechanics did this by introducing the VIr
tual processes that we· have spoken about. They too 
fail and do not y1eld a final solution to the problem. 
A still more profound approach is needed in which 
the classical conceptions of space and time will probably 
undergo fundamental change. 

The Reverse of the Obvious 

How to begm this new thing? Some say: give up 
the notions of space and time as such. 

Hardly! Physics would then find itself in d1fficult 
straits, for the existmg concepts of the m1croworld, 
despite their unusual nature, are still based on our 
customary notions about space and time. It is indeed 
hard to reJect such fundamental ideas which we are used to 
from the first day of our life. On the other hand, space 
and time are needed anyway to describe phenomena 
in the microworld that are not associated with transfor
mations of particles, for such concepts are very conveni
ent here. 

There is another, more realistiC, approach: revise our 
concepts of space and time. Einstein did th1s for the 
first time half a century ago. Now we have to sup
plement Einstein's views, which apply to the world in 
the large, with the peculiarities of the world of the 
ultras mall. 

What is the true essence of space and t1me? They 
are so familiar that we never give them thought. To 
our everyday mind, space is a repository of bodies. 
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Nothing more? Just think for a moment where the 
concept of space comes from. From the very start, 
man deals not with 'pure' space, but with the bodies 
that fill it. Bod1es, objects are perceived by sight. 
Objects appear to us to be close if they occupy a 
large field of view m our eye. Yet this is nothing other 
than a large number of photons emitted by the body 
and impingmg on our eye. In other words, the stronger 
the electromagnetic field (created by a body) in our eye, 
the closer the object appears to us. And v1ce versa, 
few photons entenng our eye indicate that the object 
1s e1ther small (w1th few atoms emitting photons) or far 
away (few photons of the total number reach our eye). 

If man possessed only eyes from birth, he would never 
be able to distinguish between small close-lying bodies 
and d1stant but large objects. With the eye alone, that 
IS, Without any other mental operatiOns, 1t is impossible 
to determme how far objects are from us and what their 
dimensiOns are. We are aided by the sense of touch. 
We touch obJects and learn about their dimensions 
(relative, naturally - as compared with ourselves). 

If there were no objects, we would have no conception 
of space. At night, when we do not see objects, the 
feeling of space is lost. 

Our sense organs that help us to bu1ld up conceptions 
about the world around us are actually instruments. 
They are even sensitive enough to register quantum 
events. But the world 1s so constructed that many 
thousands of m1lhons of such events are registered at one 
t1me. The result is that our sensatiOns (and conceptions) 
are 'averaged' (or classical, as the physicists say). The 
unusual nature of quantum laws IS displayed when these 
events are stud1ed singly. 

Space is not the only thing of material origm m our 
minds. If we found ourselves in a Situation where nothmg 
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changed around us (this occurs deep underground and 
will probably be the case of future astronauts who will 
be movmg at great distances from astronomical bodies 
and for many years at a time), we would lose all 
perception of time, and hence any conception of it. 

We have already mentioned the fact that there are 
two kinds of time in pnnciple: the 'proper time' of a 
body determined by the physical (and chemical) proces
ses m that body, and the 'general time' determined by 
large assemblies of bodies. As a result, just as there is 
no space dtvorced of bodies, so there is no time divorced 
of events. 

The course of time is determined by events, conca
tenations of cause and effect. The more active the events 
in a system of bodies, the faster they follow one another 
(in other words, the more intense the interactions in 
that system), the 'faster' time flows in the system. 

It will be recalled that this conclusion is corroborated 
even in our own expenence. A day filled with events 
flies by in 'no time', while one without any events 
'drags along'. Underlying this subjective tmpression is 
a very profound objective foundation. 

The Ubiquitous Quantum 

These new conceptions of space and time are not yet 
accepted by all physicists. What is more, they have 
not yet been confirmed experimentally. 

They appeared over thirty years ago, but have not 
yet gained general currency. However, many scientists 
believe that they contain some of the truth. 

The basic proposition concerning the relationship of 
space and time with the existence of bodies and their 
motions in the microworld is something like this: since 
microparticles and thetr motions have quantum pro-
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perties, space and time should be quantized as well. 
And if that is so, then the last stronghold of classical 
conceptions will crumble. Space and time will Jose their 
contmuity and will break up into minute discrete 
'portions'! 

What this means 1s that there should be special 
kinds of 'cells', so to speak - the quanta of space and 
time. Their dimensions would perhaps be determined 
by the masses, energies, momenta (and possibly other 
characteristics) of microparticles. Quite naturally, these 
cells would have to be the smallest of all possible 
quantities. 

But so far we have no knowledge of any such 
'elementary length' or 'elementary interval of time'. Which 
might mean that they lie beyond the sensitivity of the 
most exact modern methods of measuring lengths and 
times in the microworld. The lim1t of these techniques 
is, for length, of the order of the range of nuclear 
forces, or w- 13 centimetre, and for time, of the order 
of the 'nuclear time', i. e., w-n second. Some SCientists 
believe that the 'length quantum', if 1t exists, should be 
hundreds or even thousands of times shorter. 

Very interesting conceptions. It is understandable why 
we never notice the existence of quanta of space and 
time. They are simply too small. No timepiece can 
measure a fraction of time of, say, one m1llionth of a 
millionth of a millionth of a millionth of a second. 
And the same goes for lengths, the same fraction of a 
centimetre! 

But even if we could measure such fantastic fractions 
of space and time, we would never be able to actually 
do it. Instruments are crude things, they change the 
m1croworld in the act of probmg it. Recall, finally, that 
our class1cal concepts of length and t1me in the micro
world are lim1ted and hold true only to a certain 
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extent. Such limits become a dual matter-tield aspect 
of microparticles. And yet these very same limits are 
the quanta of space and time that we have been talking 
about. 

Then is there any sense in introducing such cells or 
quanta of time? For don't they continue to renect our 
everyday conceptiOns about space and time? 

That is true enough. We have mentioned otT and on 
that each new layer of knowledge makes its appearance 
not in a void but on the foundation of earlier layers. 
The extremely exacting process of developing new con
ceptwns does not take place overnight, it is slow and 
the new notions will always bear traces of their pre
decessors. The birth of new concepts is always a 
travail. 

So it was in the tirst years of quantum mechanics. 
and so it continues to be now when quantum mechanics 
is confronted with still greater barriers. Will it be victo
rious. or will it succumb. supplanted hy a new and 
more powerful theory'! 



From quantum mechanics to . . ? 

Indeterminable Dctcrminacies 

Mass. charge, spm. parity. Give exact definitiOns or 
each of these particle characteristics 1 And make the de
fimtion independent, that is. do not express one quan
tity in terms of another, say, mass m terms of the 
force of weight, or charge in terms of the force of 
attraction and repulsion. 

You won't get far if you do. We are always using 
these concepts but not a single physicist in the world 
today knows what they really mean 'deep down'. 

That is the Situation with quantum mechanu;s as of 
today. It makes extensive usc of thmgs like mass. 
charge and other ideas borrowed from classical physics. 
And it discovered some new things of its own that 
descnbe particles - spin and parity. for instance. But 
it can say no more about the ongm of these 
features than 11 can about the ongin of mass and 
charge 

Indeed. what 1s mass'1 There arc two answers. F1rst: 
mass is a measure of the quantity of matter m a body. 
It may he understood as the quantit~ of atomi~: nucki 
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(since they contain the bulk of the mass of atoms) 
in a given volume of substance. In turn, the mass of 
the nucleus may be interpreted as the quantity of nuc
lear particles, protons and neutrons. 

But then what is the mass of a proton? Is it a mea
sure of the quantity of matter in 1t, as before? What 
measure? What matter? The very concept of measure 
indicates that somethmg can be broken down into 
smaller fractions. But it would appear that the proton 
IS not divisible any further. And we can only guess 
what the matter in the proton is like. 

When we say that the proton has a mass of appro
ximately w- 24 gram, we only mean that one gram of 
substance contains roughly 1024 protons. Thus, to de
fine mass as a measure of substance for protons and 
other micropart1cles is rather meaningless. 

The second definition of mass is that mass is a mea
sure of the inertia of a body, in other words, a measure 
of the resistance the body offers to any change m its 
state. In the most elementary case, mass determines 
the resistance of a body to any alteration in its posi
tion m space. 

Then, perhaps, we should understand the mass of a 
proton as the measure of the reluctance with wh1ch it 
is set into motion by forces due to other particles. Th1s 
definition 1s not satisfactory either. Forces represent 
mteraction, in the final analysis the action of a field. 
When a proton mcreases its speed, 1t acquires extra 
mass from the field; when 1ts speed dimmishes, it re
turns the mass to the field. Small as these portions of 
acqmred and lost mass may be, they do exist. Hence, 
mass is a variable quantity and thus loses its property 
of a defimte measure. 

Thus we find m the microworld that mass itself has 
to be measured w1th somethmg. In our case, the mass 
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of the proton, in accordance with the equations of 
relativity theory, is determined by the rest mass of the 
proton and the ratio of 1ts velocity of mot1on to the 
veloc1ty of light. 

There seems to be a ray of hope. The rest mass is 
indeed an invariable quant1ty for a given type of par
ticle. If it is changed, the particle changes. Doesn't it 
then follow that the rest mass is also a measure of 
inertia? However not with respect to ordinary me
chamcal motion - translatiOn in space, but with respect 
to motiOn in the very broadest sense of the word - to 
the transformation of particles. 

Th1s would seem rather close to the truth. We re
call that when the kinetic energy of particles is com
pared with the1r energy proper as determined precisely 
by the rest mass, particles obtained the possibility of 
actual transformations into the quanta of its field. 

But if this is so then the rest mass becomes a mea
sure of the qualitative stability of part1cles. For some 
part1cles th1s mass is not very great and convers1on 
mto quanta can begm at rather low energies. In the 
case of other particles, it is much greater, and ac
cordmgly the part1cles are constderably more stable. 

On the present view, particles experience actual trans
formations and also so-called virtual transformations 
that underlie their mteractions. Thus mass acqmres yet 
another aspect m determining the energy of the vir
tual quanta of fields. 

All this makes mass a very intricate concept. On the 
one hand, mass IS some kmd of characteristic of the 
particle as such; on the other, mass 1s a determining 
factor in all interactions of the particle. 

Undoubtedly, the other particle characteristics should 
be just as comphcated. Today, all the problems m
volved m determimng the deep inner essence of ent1t1es 
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of the microworld come up against this greatest of 
unconquered peaks of physics - the mterrelation of the 
two baste forms of matter, substance and the field. 

Particles of substance possess properties of the field. 
Field quanta have material properties .... 

Whtch is the ·most fundamental', which is primary
substance or the field? 

A century ago. when phystcs had JUSt acquired the 
concept of the field. the answer was obv10us: substance 
of course. The parttcles of a substance generate a field 
about themselves. The field ts only an auxtliary tool 
for handltng parttcle mteractions. There ts no field 
wtthout matter. 

But time passed, and it was found that a field could 
generate parttcles, that particles could vanish and be
come a field. Not so auxtliary as mtght be supposed! 

Then physicists went to the other extreme. Taking 
Emstem 's cue. they stated: the field is pnmary - the 
unitary untversal field m all of tts multifanous mani
festations. Parttcles of matter are simply 'blobs' of the 
field. There is no matter wtthout the field. 

Emstein spent many years workmg on a unified field 
theory that would incorporate all known types of fields 
and parttcles, but all his attempts fatled. Physicists gra
dually came to the view that neither field nor substance 
is primary, that both in equal measure are the funda
mental and primary aspects of matter as such. 

That, it turns out. is the correct view. and the argu
ment between adherents of the untfied field and unified 
matter could cease. Yet physictsts contmue to argue: 
How correct ts their knowledge of the world of ultra
small thmgs? Do thetr concepts correspond to the true 
essence of these entittes? Are they not mtstaken m tm
posing on nature theones thought up by the human 
mind? And ts man - a representattve of the world of 
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large thmgs- at all capable of knowmg thmgs and 
events that occur in the microworld of atoms, nuclei 
and elementary part1cles? 

Man is able to learn the laws of nature and get 
closer and closer to the truth. But the process of cog
mtion will never come to an end, no knowledge of the 
world w1ll ever be absolutely exact. Takmg these 
propositions as his foundatiOn, the physicist approaches 
the problem of how he should understand the inter
relations of the two basic forms of matter. 

First of all: Can there be a umfied field or a um
fied substance? No. Field and substance are two oppos
ed forms of the existence of matter and its develop
ment. One is impossible without the other. Two sides 
of one medal. Though oppos1te, they are unitary and 
mseparably connected: the field has the properties of 
a substance, and a substance has the properties of the 
field. 

Do our not1ons about the existence and Interconnec
tion of these two forms of matter possess any degree 
of truth? Yes, they defimtely do, smce these concepts, 
though inexact, are nevertheless correct, on the whole 
As a rule, observations fit mto their framework and 
predictions based on them hold true 

Then why do phys1cists contmue to argue as to how 
one should interpret the results they obtam? F1rst of 
all, because not all phys1c1sts are acquamted w1th d1alec
t1cal matenahsm Hostile philosoph1es, espec1ally the 
most nox1ous trend called subjective 1deahsm. maintam 
that the world ex1sts only m man's 1magmat10n so that 
the laws of nature are at best only the workmgs of 
the human mmd. W1th a philosophy hke th1s, even 
some promment scientists are not mchned to attach 
much real s1gmficance to the discoveries of physics. 
These scientists regard the world as unknowable. 
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Th1s is all the easier since the world of the ultra
small cannot be observed directly, one cannot see it 
so as to be convinced of tts extstence. And - sttll more 
important - the properties of the microworld differ ra
dically from those of the customary world about us. 
This difference IS so great that our everyday concep
tions do not reflect the real essence of the microworld. 

Sc1ence develops in such a way that new concep
tions originate very slowly. After all, human beings live 
m the world of ordinary things, common notions, and 
their minds hold tenaciously to these notions. It IS very 
difficult to make the transit1on to the 'unconceivable' 
conceptions that make for a correct picture of the 
microworld. But one has to. It 1s so inconvement to 
speak and think about a 'micropart1cle' that is not 
simply a particle, and to talk about a 'field' that is 
something more than a field. The trouble here is not so 
much 10 the words used, but rather in 1magery, in con
ceptions and not1ons. 

·Quantum mechanics was able to combine the old 
concepts into new particle-wave, pos1tron-hole and me
son-quantum 1mages. But 10 the m10ds of physicists 
these dual entttles have not fully merged into unified 
actuahty. 

This merging is a matter for the near future. 

The Biography of Quantum Mechanics 

During the sixty odd years of its existence, quantum 
mechanics has passed through three stages of deve
lopment. 

The first stage 1s from Planck to de Broglie, and 
embraces 25 years - from the discovery of the materi
al properties of light waves to the d1scovery of the wave 
properties of material particles. During these years, 
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Einstein and Bohr developed the theory of particles of 
light (photons), the first very imperfect theory of ato
mic structure and of atomic phenomena. 

The second stage in the development of quantum 
mechanics began with de Broglie's discovery in 1924. 
Within the exceptionally short period of about 5 years 
was created the basic 'working tool' of the new theory. 
Dirac synthesized quantum mechanics and Einstein's 
relativity theory. During the period up to the Second 
World War, the theory of the atomic nucleus was cre
ated. 

And, finally, the third period- after World War II
quantum mechanics was extended to the elementary 
particles and to the second basic form of matter, 
the field. 

Dunng this third stage, quantum mechanics came up 
against ever greater difficulties. After the brilliant vic
tories of its early years came a series of setbacks and 
failures. 

The impression is that, good as it is against atoms 
and molecules, it is simply not strong enough for those 
extrahard nuts - the structure of elementary particles 
and their interactions. 

Experiment today has gone out far ahead of theory. 
Theory has yet to interpret processes in the deep in
terior of atomic nuclei. On the agenda are problems 
dealing with the very essence of the concept of elemen
tary particles. 

Quantum mechanics has not yet succeeded in re
solving these problems. Its limitations, which twenty 
years ago had seemed so hazy and distant, are now 
becoming ever clearer. The time is ripe for a rejuve
nation of quantum mechanics. 

Isn't this reminiscent of the situation at the turn of 
the century with regard to classical mechanics? 
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On the one hand, there don't seem to be any facts 
that run counter to the basic propositions of quantum 
mechanics. It is only an inability to account for a num
ber of phenomena, an mability of the theory as such, 
not of the scientists behind it. Maybe what is needed 
is an extension of the framework. perhaps new impor
tant noncontradictory propos1t1ons need to be added 
to give the theory strength. 

Yet it may happen that these propositions w1ll not jibe 
w1th earlier ones. Then for a time we will be dis
couraged. There have never been all-powerful theories 
and there never will be. Like life generally, each theory 
has its shaky childhood, its strong youth when 1t re
solves dozens of extrahard problems, its calm maturity 
when forward movement slows down and the theory 
spreads out encompassing ever broader spheres of phe
nomena, moving into technology and mdustry and esta
blishmg contacts With other disciplines, and finally old 
age when it is powerless agamst the onslaught of fresh 
facts, facts discovered by the theory itself. 

Then a penod of stagnation sets tn. At least 1t would 
seem so, yet that isn't the situation at all. New 1deas 
are all the time cropping up that find the framework 
of the old theory too narrow. One fine day these new 
ideas will break the shell in which they have been con
fined, and science will then make a big JUmp forward. 

On the age scale we have just descnbed, quantum 
mechamcs today has reached 1ts peak of maturity and 
old age is creepmg up. It IS connected With numerous 
important technical achievements. it has handled prob
lems ranging from the structure of stellar systems to 
that of atomic nucle1 and the elementary particles. 
Today quantum mechantcs 1s the strongest physical 
theory of the m1croworld. 

There is no theory that can compete with 1t, but 
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there 1s defimte need of such a theory. Sc1ent1sts at work 
m th1s field of physics are trymg either to rejuvenate 
it With new content that does not contradict Its basic 
pnnciples, or to change 1ts sp1rit and give It up for 
more radical things. Let it be sacrificed, they say. Yet 
none can boast of any success 

More and more physicists tend toward the view that 
what is needed is something st1ll more unusual, a 'cra
zier' theory! No one is afra1d of that word, for anything 
fundamentally new encounters terrific resistance on the 
part of the old. There are always those who suggest 
psychiatnc treatment for the author. It was the same 
w1th quantum mechanics when it was born. It too was 
called 'crazy' by many. But now there is probably not 
a single sc1ent1st that does not accept it. 

However all th1s may be. there is one thing that is 
certain: physics is on the threshold of a new big ad
vance. This leap 1s not into the dark, for scientists see 
very clearly the route which the new phys1cs must 
follow and the stations along the way. 

Here are some of them. A ngorous umfied systema
tic arrangement of all known and unknown elementary 
particles. The structure and mternal properties of par
ticles of matter. The nature of the forces operating 
in atomic nuclei. Exact laws of interrelationships bet
ween the two fundamental forms of matter - substance 
and field. The mutual relationship and interdependence 
of all the properties of moving matter: energy and t1me, 
mass and space, and the spec1fic essence of the micro
world determined by this relationship. 

We have descnbed m thts book how quantum mecha
mcs was born and how 11 grew up, how 1t became the 
powerful weapon of science that 11 1s today. We have 
told how quantum mechamcs IS handling the present 
problems of physics and how 1t is seeking ways mto 
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the still smaller world of things, the ultramicroworld. 
Th1s world of new smallness is the problem of today. 

Quantum Mechanics Gets Its Second Wind 

Every science has two hfetimes. The first has to do 
with ideas, conceptions, laws and formulas. The second 
has to do with their translation into the hardware of 
technology - tools and instruments and machines. 

No matter how abstract the gyrations of the SCienti
fic mind, there is always a return to the real world of 
human beings and to their needs. 

Marx' famous words that philosophers only ex
plained the world, the point however was to change 
it, do not refer to philosophy alone. They contain the 
true meaning of the existence and development of any 
science. 

Every new d1scovery IS an addition to the storehouse 
of human knowledge. But it 1s not only that. Man 
becomes stronger in his struggle with nature. If one 
traces discovery throughout history, he will see that in 
each later period the gap between a big discovery and 
its application to human needs becomes shorter and 
shorter. 

Science perceives future problems before human prac
tice gets to them. This foreslght is not a favour of the 
gods or of gemuses, tt is objective reality, at the heart 
of which lie the laws of development of society. 

Science does not wait for a vitally important prob
lem to mature. Whether scientists reahze it or not, they 
attack fresh problems long before they have become 
of vttal importance. 

Science is the most forward outpost of human so
ctety, the scout of the future and the most reliable de
fender of the present. 
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The discovery and development of quantum mecha
nics may serve as a good illustration. Let us take a look 
at the second lifetime of quantum mechanics. 

Atomic nuclei were conceived round about 1912. 
Twenty years later, that conception took on clear-cut 
outlines. The particles that make up the nucleus 
were defined and the forces operative between nuclear 
particles were discovered and explained. The 'inaccessi
bility' of the atomic nucleus, both phys1cally and con
ceptually, did not deter physicists. Thirteen years later 
saw the advent of the atomic age. True, in the form 
of ghastly atomic bombs which the Americans dropped 
on Hiroshima and Nagasaki bringing death and dest
ruction instead of abundance. Then just a few more 
years passed, and in 1954 the Soviet Union put into 
operation the world's first atomic power station. The 
Soviet scientists diverted the power of the atom from 
war and destruction to peace and construction. 

Quantum mechanics found its first technical appli
cation in the inferno of the atomic reactor, where 
streams of neutrons split up the nuclei of heavy atoms 
and generate heat and electricity. 

Scientists then turned to the light nuclei, the isotopes 
of hydrogen, in attempts to extract more energy. The 
Soviet Union aims at the utilizatiOn of thermonuclear 
reactions for peace, for generating electricity. This is 
the noble aim of the Soviet scientists- to supply hu
mamty with power for thousands of years to come. 

Here, too, quantum mechanics has important things 
to say. It calculates the course of fusion reactions 
and predicts the energy that will be generated. 

What next? Fresh problems. Problems that w1ll be 
much more difficult than what we know today. But then 
scientists of the future will be better equipped than they 
are today. 
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Up unhl recent times, researchers rarely gave thought 
to the consequences of their discoveries. Young A. lotTe 
who at the beginning of this century became interested 
in so-called waste materials could hardly have imagined 
the future of semiconductors. 

But without quantum mechanics semiconductors 
would be dead. Quantum mechanics not only explained 
their remarkable properties, it suggested radical ways 
of improving them. Today, the department of quantum 
mechanics known as the band theory of solids has be
come the guiding star for many thousands of research 
workers and engineers in electronics. 

These minute yet powerful electronic devices have 
wrought fundamental changes in industry and techno
logy. Not a single factory or vehicle or communication 
facility does without them. There is hardly a single 
sphere of human activity that has not experienced the 
etrects of electronics. 

Scientists are already working on one of the boldest 
projects of all: the use of semiconductors to extract 
electricity from the solar energy that falls so generously 
on the earth, and thus take over from the nearly ex
hausted fossil-fuel sources of energy. The first semicon
ductor solar batteries are already functioning generating 
electric energy out of the sun's rays. Designers are 
workmg on projects for solar batteries to power the 
first settlements on the moon and the planets of the 
solar system. 

An interesting feature m th1s respect IS that on the 
earth semiconductor fac1lit1es covering huge areas (this 
is necessary to catch a large enough port1on of the 
sun's rays) would mterfere with plant growth and 
livestock forming. On the moon there would be no such 
problem 

Then how would we transmit these enormous quan-
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tities of energy to the earth'! Transmission lines as we 
know them here on earth would naturally be out of 
the question. What is more, the losses are very great 
in these conventiOnal modes of transmitting power. 

Some ten years ago a promment Soviet phys1c1st 
V. Fabrikant proposed a quantum amplifier of electro
magnetic waves. And quantum mechanics, first tran
slated into the hardware of a quantum amplifier and later 
mto a quantum oscillator, brought to life a whole se
ries of dev1ces - the masers (amplifiers and generators 
of radiowaves) and the lasers (amplifiers and generators 
of light beams). That is what we call science fiction 
come to life. 

At the beginning of the book we spoke about the 
laws of quantum mechanics that govern the electromag
netic radiation of atoms. These laws were firmly estab
lished long ago, so long ago (nearly thirty years back -
qu1te some time m quantum mechanical history) and 
so firmly that m the 1950s few people ever gave them 
thought any more. 

But then mquisit1ve researchers took a fresh look 
from a new angle, and these laws scintillated quite 
unexpectedly givmg b1rth to a new set of amazing
ly powerful mstruments. 

We have touched on only a few of the more excep
tional technical achievements due to ideas and concep
tions about the world of ultrasmall thmgs that came 
with quantum mechanics. Quantum mechamcs conti
nues to make inroads into technology and industry. 
The number of devices continues to grow. Th1s second 
hfetime- of quantum mechanics is exceptionally rich 
and d1verse. We have witnessed 1ts inception. The fu
ture should exceed the predict1ons of the wildest SCien
ce fiction. 
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